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ABSTRACT 
The development of a Cervical Spine Protective Device for Youth Athletes in 
American Tackle Football 
Mary L. Milone 
James L. Tangorra, Ph.D. 
 
The goals of this thesis research were to identify the weak areas of the human 
neck and to evaluate the preliminary designs of a cervical spine protective device.  This 
was done by measuring isometric muscle strength in terms of head position and by 
measuring ranges of motion in coupled and uncoupled cervical spine motion.  This 
information was to develop a cervical spine protective device for young athletes (11 to 18 
year olds) who play American tackle football.   Results from this study showed that that 
the neck strength depends on the head positions and the directions of muscle contraction.  
The weaker muscle strengths were produced when the participants’ heads were tested at 
40° in extension, coupled 40° in extension and 20° in lateral bending, and coupled 40° in 
extension 20° in axial rotation. These positions are associated with stinger’s syndrome in 
football athletes.  Evaluation of the cervical spine range of motion in these weaker 
positions showed that the range of motion in the extension direction decreased as the 
participants’ heads moved closer to the extreme positions of lateral bending and axial 
rotation.  Football helmets and shoulder pads was not able to provide much restriction in 
extension and axial rotation motion.  A set of cervical spine protective device were 
created for each participant based on their anthropometric measurements.   The cervical 
spine protective device was able to provide desired restriction in most directions 
particularly in uncoupled flexion, extension, axial rotation and lateral bending.   
xii 
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CHAPTER I: INTRODUCTION 
The ultimate objective of this research is to develop a cervical spine protective 
device for young athletes (11 to 18 year olds) who play American tackle football.  The 
specific goals of this thesis research were, 1) to identify the weak areas of the neck by 
measuring isometric muscle strength (IMS) in terms of head position and by measure 
ranges of motion (ROM) in coupled and uncoupled cervical spine motion; and 2) to 
evaluate the preliminary designs of a cervical spine protective device (CSPD).   
Tackle football is one of the most popular sports in the USA with approximately 
1.8 million athletes participating every year; 1.5 million of these participants are of ages 
11 to 18 years old [2].  In tackle football, large contact and inertial forces are frequently 
acting on the head. During a typical college football game or practice, the head can 
experience linear and rotational accelerations of up to 40g and 3000 rad/s2 without injury 
[3].  Reconstruction of concussion related helmet-to-helmet collisions that occur during 
the National Football League (NFL) games using Hybrid III dummies has shown that the 
head may experience a change in velocity of about 7.2 ±18m/s in 14 milliseconds, 
translational acceleration of 94.3±27.5g and rotational acceleration of 6432± 1813 rad/s2.  
These large impact forces experienced by the head can be transferred to the neck region 
increasing the risk for injuries not only to the head and brain region, but also to the 
cervical spine.   
The high risk of head injuries has been recognized. Most research has been 
concentrated on the head, which has led to mandatory protection by a helmet.  No such 
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devices have emerged for neck protection. The initial implementation of helmets have 
decreased the number of head injuries by 66% and head injury related fatalities by 42%; 
however, there was a 204% increase in the incidence of serious cervical spine injury [4-
7]. Between 1977 and 2008, there were 295 cervical cord injuries with incomplete 
neurological recovery and 243 of these cases occurred at the high school level; compared 
to 121 brain injuries with incomplete neurological recovery with 108 of these cases 
occurring at the high school level [8]. The cost to treat an uncomplicated minor head 
injury with brief loss of consciousness is about $13,500 (based on 1995 dollar values) 
compared to the long term cost of sports-related spinal cord injury $295,643 in the first 
year, and $27,488 thereafter (based on 1995 dollar values) [7, 9, 10].  It is imperative to 
protect both the head and neck simultaneously; protecting one without the other is not a 
viable solution.   
The majority of football athletes (83%) are between the ages of 11 and 18 
(Mueller 2008), whose cervical spines are not fully developed because the ossification of 
the cervical spine is not complete until the third decade in life [11].  The unique 
development anatomy makes the immature cervical spine unstable and weak due to more 
elastic ligaments, shallower orientation of joints, the cartilaginous nature of the vertebra 
and weak cervical spine muscles.  These characteristics of still developing cervical spines 
make this group of young football athletes more susceptible to neck injuries [12, 13].  
Brown et al (2001) reported that the majority, 72 out of 103 cases of cervical spine 
injuries that occurred in patients 0 to 19 years old were located in the upper cervical spine 
region, 65% of which occurred in patients 9 to 19 year old, and within this group almost a 
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third (29%) of these injuries were football related [12, 14].  Upper cervical spine injuries 
are particularly dangerous, are often fatal and those who do survive will suffer from 
severe neurological deficits [15, 16].  A young survivor of catastrophic cervical spine 
injury will not only have to deal with long term physical and financial consequences, but 
also psychological trauma. Therefore, it is important to prevent head and cervical spine 
injuries, especially in the young athletes. 
1.1 Epidemiology of cervical spine injuries in football 
Although non-fatal head and neck injuries are not as common in football 
compared to injuries to the extremities, head and neck injuries are considered to be 
catastrophic injuries because they present a direct threat to life [8]. Mello et al (2009) 
reported on a five year (2001-2005) retrospective inspection of the National Electronic 
Injury Surveillance System (NEISS) database, which showed that in over a million 
emergency department visits made by 7 to 17 year olds due to football related injuries, 
17.4% of the older children (12 to 17 year olds) sustained injuries to head and neck 
region compared to 37% arm injuries and 27.3% leg injuries [17]. In addition to the 
NEISS database, the Annual Survey of Football Injury Research was initiated by 
American Football Coaches Association in 1931 to collect and analyze fatality and injury 
data as an injury prevention effort [8].  Based on this database, there were a total of 1,013 
fatalities directly due to football at all levels of participation; 672 of these fatalities 
occurred at high school level as of the end of the 2008 football season [8]. Within the 
same database, data extracted from 1945 to 2004 showed that 510 of these fatalities were 
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directly related to head injuries and 117 fatalities were caused by cervical spine injuries 
[8].  The most recent data compiled at the end 2008 football season showed there were 
seven fatalities, all of which occurred at the high school level, and five of these cases 
were attributed to brain injury [8].  
 
 
 
Figure 1.1- From 1977-1988, the incidence rate was based on 1,300,000 high school athletes and 75,000 college 
athletes.  From 1989 to 2008, the incidence rate was based on 1,500,000 high school and 75,000 college athletes.  
[2] 
 
Catastrophic injuries in football are referred to as soft tissue injuries to the brain 
and the spinal cord as well as fractures to the skull and the cervical spine [2]. 
Examination of epidemiological studies revealed that while football has a lower 
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incidence of catastrophic cervical spine injuries (per 100,000 participants) compared to 
ice hockey or gymnastics, it has the largest overall number of catastrophic cervical spine 
injuries in the USA because it has the most participants [14, 18-21].  During the 2008 
football season, there were a total of thirteen catastrophic cervical spine injuries that 
involved injury to the spinal cord with incomplete neurological recovery. Ten of these 
injuries occurred at the high school level and the other three at professional level [8].  
From 1977-2008, the incidence of catastrophic cervical spine injuries with incomplete 
neurological recovery is higher overall at the college level than the high school level 
football athletes. (Figure 1.1) However, there were years when there were zero incidences 
of catastrophic cervical spine injuries that occurred at the college level.  Even though 
there are tremendous advancements in football protective equipment, the number of 
catastrophic cervical spine injuries remains unaffected for high school football athletes 
[21].  
At the end of the 2008 football season, there were 35 catastrophic injuries with 
full neurological recovery.  Among high school athletes, there were eight cervical 
vertebrae fractures, nine brain injuries, two severe concussions, one herniated disk, one 
fracture of the lower back, one skull fracture, and one unknown spinal injury. Among 
college athletes, there were four cervical vertebra fractures, one transient spinal cord 
injury, one spinal concussion, one lower back spinal fracture, and one unknown spinal 
injury. Among the professional players, there were three cervical vertebrae fractures, and 
one spinal concussion. There are differences in the presentation of cervical spine injuries 
between these levels of participation. Fractures are more common in high school athletes 
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compared to the frequent occurrences of transient types of injury at a higher level of 
participation [2, 8]. 
The evidence indicates that the highest incidence of catastrophic (and probably 
non-catastrophic) cervical spine injuries occur at the high school level and therefore any 
study focused on reducing the incidence of such injuries should focus on this adolescent 
population.  Since 1977, there have been a total of 295 football players with incomplete 
neurological recovery from cervical cord injuries and the majority of these injuries (82%) 
occurred among high school participants [8].  Injuries in young athletes can have 
significant consequences in later life due to the unique physiology of rapidly growing 
children, including limb length discrepancies and early osteoarthritis [9, 13, 17, 22, 23]. 
1.2 Current Efforts to Prevent Head and Neck Injuries in Football 
1.2.1 History of Changes in American Football Rules and Athlete Behavior  
The high risk of head injuries has been recognized which has led to mandatory 
protection by a helmet; however, no such mandatory device exists for the cervical spine.   
Between 1930 and 1940, the National Collegiate Athletic Association (NCAA) and the 
National Football League (NFL) required all football athletes to wear helmets during 
practices and games.  The original football helmet was simply a leather cap. Metal alloy 
was later added for additional support and protection [24].  These earlier helmets were 
not effective in reducing the number of head injury related fatalities; there was a 32% 
increase in head related fatalities from 1945-1954 to 1955-1964 [8]. This continual 
increase in the number of fatalities led to modifications and improvements of football 
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helmets.  In 1969, the National Operating Committee on Standards for Athletic 
Equipment (NOCSAE) was established and the first safety standards for football helmets 
were implemented in 1973 [25].  These efforts were reflected by a 57% decrease in head 
injury related fatalities from 1965-1974 to 1975-1984. (Figure 1.2) 
 
 
Figure 1.2-Frequency of head and cervical spine fatalities based on 1,500,000 junior and senior high school 
players and 75,000 college players [2]. 
 
The improved football helmets have shown to be effective in preventing fatalities 
due to head trauma.  It became such an effective protective device that players started 
using it as an attack “weapon” by driving their heads into the opponents [26].  There was 
an 83% increase in cervical spine related fatalities between 1955-1964 and 1967-1974. 
(Figure 1.2) Schneider (1964) reported 56 cases of cervical fracture and dislocation with 
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permanent quadriplegia in between 1959 and 1963 that were directly related to football. 
The incidence rate for such injury was 1.36 per 100,000 participants [27].  In an effort to 
make football a safer sport, Dr. Joseph Torg established the National Football Head and 
Neck Injury Registry in 1975.  The rate of cervical spine fractures, sublaxations, and 
dislocations increased from 1.36 injuries per 100,000 participants between 1959 and 1963 
to 4.14 per 100, 000 participants between 1971 to 1975. The increase in cervical spine 
injuries were attributed to better protective capabilities of modern helmets that decreased 
the incidence of head injuries [28].  Torg et al (1977) were able to elucidate the 
mechanism of cervical spine injury associated with tackling an opponent using the 
helmet, which is known as a spearing tackle [26].  The athlete, in preparation for spearing 
tackle, would lower his head such that his head, cervical spine and torso become aligned 
to the same vertical axis [14, 29].  In this position, the cervical spine muscles are not able 
to provide as much resistance to external loading.  Moreover, in the case of spearing, high 
axial loads are being directly transferred through the vertical axis, exposing both the 
vertebral column and spinal cord to injury.  These injuries are often associated with 
incomplete neurological recovery [4-6, 26, 28, 30].   
In an effort to reduce the number of catastrophic cervical spine injuries, the 
NCAA and National Federation of State High School Associations (NFSHSA) 
implemented rule changes in 1976, which prohibited the use the head of an athlete as 
initial contact when blocking and tackling.  In 2006, the NFSHSA has explicitly outlawed 
any intentional or unintentional butt blocking, face tackling and spearing.  Spearing is 
using the helmet in an attempt to punish an opponent.  Butt blocking refers to attacking 
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an opponent with face mask, frontal area or top of the helmet as the primary point of 
contact.  Face tackling is when an athlete drives his face mask, frontal area or top of the 
helmet directly into the runner.  All three of these illegal techniques can cause 
catastrophic head and neck injuries to the athlete  [2, 8].   
Since the implementation of the rule changes, there has been a drastic reduction in 
the number of fatalities directly related to cervical spine injury. (Figure 1.3) Nevertheless, 
the number of catastrophic cervical spine injuries such as cervical cord injuries remains 
unaffected in the past 32 years. (Figure 1.3)  Although these numbers were low, the 
injuries are irreversible and have significantly compromised the person’s quality of life.   
 
 
Figure 1.3- Number of cervical cord  fatalities based on 1,500,000 junior and senior high school players and 
75,000 college player [2].  
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1.2.2 Football Protective Equipment 
To date, there are no mandatory cervical spine protection devices for football 
players. The mandatory football helmet is designed to protect only the head. [24]  There 
are some products commercially available for cervical spine protection.  One of the 
popular devices is the Cowboy Collar, which is manufactured by McDavid ™, and is 
prescribed specifically to players with Stinger’s syndrome.   Stinger’s syndrome, also 
known as burner’s syndrome or cervical cord neurapraxia is a type of transient nerve 
injury, common among football players; it is caused by disruption to the spinal cord.  The 
Cowboy Collar is a piece of molded polyurethane foam and is worn under the shoulder 
pad. (Figure 1.4) It provides limited protection only against hyper-extension of the neck 
[31-33]. 
 
 
 
Figure 1.4- left: Cowboy collar by McDavid; right: an athlete wearing the cowboy collar [34] 
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The Bullock Collar (Figure 1.5) was designed by Virginia Tech head team 
physician, Richard Bullock.  It is a high-density foam collar with a rigid plastic insert and 
is strapped to the shoulder pads when worn. The Bullock Collar is designed to prevent 
hyperextension of the neck and provide some restriction in lateral bending [32].  The 
Kerr Collar (Figure 1.6) was designed by Patrick Kerr, is a rigid synthetic mold that 
simply rests on the shoulders and is laced into the shoulder pads.  The Kerr Collar is 
designed so that the base of the helmet contacts the collar, thus restricting motion in 
multiple planes [32]. 
 
Figure 1.5 –Bullock Collar [32] 
  
 
 
Figure 1.6-Kerr Collar [32] 
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Figure 1.7- Neck Roll [35] 
 
                    
There are other devices being used as well including the simple neck roll, which 
is worn inside the shoulder pads; the Bike® Shoulder Pad with extension pad and 
restrictor restricts lateral movements and prevents hyper-extension of the neck; and the 
Douglas Football Neck Roll, designed to stabilize the helmet and help prevent burners 
and Stinger’s. (Figure 1.8 and 1.9)  All of these collars are cumbersome and restrict 
normal functional motion of the neck.  Many athletes choose not to wear these neck 
protection devices simply because they cannot perform normally while wearing them.    
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Figure 1.8 - Bike® Shoulder Pad with extension pad and restrictor restricts lateral movements and prevents 
hyper-extension of the neck [36] 
 
Figure 9 - Douglas Football Neck Roll was designed to stabilize the helmet and help prevent burners ans[37] 
 
In several evaluation studies [31-33, 38], the football collars, including Cowboy 
Collar, Bullock Collar, Kerr Collar, and simple neck roll (Figure 1.7), were tested under 
laboratory settings. The results showed that these devices are only partially effective in 
protecting the neck from one of the mechanisms of Stinger’s syndrome. The mechanisms 
of Stinger’s are discussed in detail in section 2.1.4.  The Kerr collar was the only collar 
that was effective in attenuating forces from top impacts because it is worn above the 
shoulder pads and allows it to make contact with the helmet sooner during impact, thus 
stopping the neck from being further compressed.  However, it restricts the head from 
rotating even under normal circumstances, which interferes with the athlete’s normal 
performance.  Cowboy and Bullock Collars, and the neck rolls were only effective in 
preventing frontal impacts by stopping the neck from hyper-extending [32].  The authors 
concluded that an effective football collar design should be based upon the individual 
athlete’s anthropometric measurements, specific to his playing position [32].   There is a 
need to develop a multidirectional injury preventive device for the cervical spine and the 
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device should reduce excessive motion without limiting normal functional range of 
motion. 
1.3 Objectives 
The ultimate objective of this research is to develop a cervical spine protective 
device for youth athletes (11 to 18 year olds) who play American tackle football.  The 
specific goals of this thesis research were, 1) to identify the weak areas of the neck by 
measuring isometric muscle strength (IMS) in terms of head position and by measure the 
range of motion (ROM) in coupled and uncoupled cervical spine motion; and 2) to 
evaluate preliminary designs of cervical spine protective device (CSPD).   
1.4 Hypothesis 
This study is based on the fundamental hypothesis that cervical spine injuries are 
likely to occur at the ranges of motion (ROM) where the spine becomes weaker in 
strength (IMS).  The IMS depends on the position of the head and direction of the 
cervical spine motion. The ROM depends on the types of motion, uncoupled versus 
coupled rotational motions.  The proposed CSPD should be effective in restricting 
excessive ROM, while allowing normal functional ROM. 
 The following scientific questions will be answered in this study: 
1. What is the extreme ROM of the neck?  
2. When is the neck strongest and weakest in terms of IMS? 
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3. Is the proposed cervical spine protective device effective in reduction of motion 
while maintaining function ROM? 
1.5 Assumptions and Limitations 
 The ultimate objective of this study is to design a cervical spine protection 
device for youth (11 to 18 year olds) football athletes.  Due to human subject testing 
limitations, the research participants recruited for this study are adults. The number of 
participants involved in this study was small with only six males and four females.  The 
biomechanical data presented in this study could not be used to infer between-subject 
trend.  Instead, it could be used for within-subject trend analysis, which was sufficient for 
the purpose of this research project.  The entire testing for each participant took place on 
two separate occasions, it was assumed that there was no change in their cervical spine 
anatomy between the sessions.  
1.6 Significance  
The annual aggregated cost of treatment for spinal cord injuries due to sports in 
the United States was 694 million US dollars (in 1995). Serious injuries to the head and 
neck require long term treatment, the average first-year treatment costs of a sports-related 
spinal cord injury was approximately $295,643, and after the first year, annual treatment 
cost was approximately $27,488.  These cost estimates were based on 1995 US dollar 
values [10].  The more severe injuries such as low tetraplegia cost $369,488 in the first 
year, and $40,000 per year thereafter.  Injuries resulting in paraplegia cost over $200,000 
for the first year and approximately $20,000 per following year.    
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There is a lack of knowledge and understanding of the various factors that affect 
the risk for cervical spine injuries in tackle football. To date, there are no general-purpose 
effective cervical spine protective devices available to reduce the high risk of severe 
catastrophic injury to the cervical spine. Successful accomplishments of the goals of this 
study will help remedy this existing situation and will likely to result in a reduction of 
injuries to the cervical spine in high school tackle football. The study will also result in 
the development of controlled trials and testing protocols to assess the ability of the 
cervical spine protective devices to prevent cervical spine injuries. Finally, the 
methodology established in this study may be applied to other sports and recreational 
activities, and to the development of a new class of effective cervical spine protective 
devices. 
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CHAPTER II: INJURY BIOMECHANICS, RISK OF INJURY, AND DESIGN OF 
CSPD 
This chapter will focus on cervical spine injury biomechanics, injury risks, and 
design considerations for a cervical spine protective device.  In discussing injury 
biomechanics, it is important to first define the coordinate system used to describe motion 
in the human cervical spine, understand the normal functional anatomy, its development 
process and types of cervical spine injuries in general and specific to the sport of football.  
As for injury risk, it will be presented as risk of injury by age, gender, skill level, and 
position played as it relates to football. The final section will be devoted to discussing 
possible design considerations for a cervical spine protective device.   
2.1 Injury Biomechanics 
2.1.1 Definition of coordinate system for Human Cervical Spine 
As recommended by the International Society of Biomechanics [39], Grood and 
Suntay Parameters [40] will be used to define the coordinate system for cervical spine 
joint [39, 41, 42].  
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Table  2.1 -Grood & Suntay parameters along with their anatomical, Cartesian, and mechanical equivalents 
 
Grood & Suntay Parameters 
[41] 
Cartesian 
equivalent 
Anatomic 
Motions 
Anatomic 
Planes Anatomic Axes Axes 
Linear 
Displ.* 
Rotation 
Angles Axes 
Plane
s 
Lateral Bending 
(Roll) Coronal Lateral axis e1 q1 α z y-z 
Flexion/Extension 
(Pitch) Sagittal 
Anteroposterior 
axis e2 q2 β x x-y 
Axial Rotation 
(Yaw) Transverse Longitudinal axis e3 q3 γ y x-z 
*Linear Displ =  Linear Displacement 
 
The human  cervical spine has six degrees of freedom with three translation and 
three rotational motions [40].  These motions occur in three anatomical planes, sagittal, 
coronal, and transverse planes. (Figure 2.10)  The Grood and Suntay parameters use e1, 
e2, and e3 to annotate the three linear (xyz) axes.  The first axis, e1, is a fixed axis at the 
base of the cervical spine (C7) with positive direction pointing out of the nose, equivalent 
to the anteroposterior axis. Displacement along e1 is denoted by q1. The rotation about e1 
is referred to as lateral bending, which is denoted by angle alpha (α). The second axis, e2, 
is a floating axis which is mutually perpendicular to e1 and e3 with positive direction 
pointing out of the left ear. This is equivalent to the lateral axis.  Displacement along e2 
is denoted by q2.  The rotation about e2 is referred to as flexion and extension, which is 
denoted by angle beta (β). The third axis, e3, is a fixed axis to the head with positive 
direction pointing up at top of the head.  This is equivalent to the longitudinal axis. 
Displacement along e3 is denoted by q3. The rotation about e3 is referred to was axial 
rotation, which is denoted by angle gamma (γ).  (Figure 2.11) 
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Figure 2.10 –Anatomical planes and axes for the human body [42] 
 
 
Figure 2.11-Grood and Suntay parameters for cervical spine joint developed by McClure et al (1998) [40] 
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2.1.2 Functional Anatomy of the Human Neck  
This section discusses the anatomy of the human cervical spine in the context of 
its normal functions. The human cervical spine originates from the basi-occiput (base of 
the skull) to the first thoracic vertebrae (T1).  It is made up of seven cervical vertebra 
(C1-C7) and intervertebral discs between every vertebrae starting at the C2-C3 level.  
The cervical spinal column is held together by ligaments and muscles [43].  When 
standing in an upright position, the cervical spine assumes a lordotic curve (c-shaped 
curve in the sagittal plane viewed from the left aspect).  This curvature allows the 
cervical spine to support weight of the head and minimizes stresses on the vertebral body 
endplates [44].  The center of rotation for each vertebra changes depending on the angle 
of curvature as the cervical spine moves into various positions.  In general, the number of 
curvatures in the vertebral column increases its resistance to axial compression forces 
[43]. 
The other function of the cervical spine is to facilitate complex motions of the 
head and neck.  It is the most mobile region of the spinal column with six degrees of 
freedom all together including three linear translations (q1, q2, & q2) and three rotational 
motions (α, β, & γ).  The cervical spine is capable of producing uncoupled and coupled 
rotations.  The uncoupled rotations are pure flexion and extension, pure lateral bending 
and pure axial rotation.  Uncoupled flexion and extension occurs within the sagittal plane 
about the e2 axis, which is driven by the pitch motion of the head.  Flexion is forward 
rotation of the cervical spine (head down) while extension is backward rotation of the 
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cervical spine (head up) about the lateral axis, e2.  Uncoupled lateral bending occurs 
within the coronal plane about the e1 axis, driven by the roll motion of the head.  Lateral 
bending can be coupled with extension by tilting the head upwards and the towards either 
side or with flexion by tilting the head downwards and then towards either side. 
Uncoupled axial rotation occurs with the transverse plane about e3 axis; it is driven by 
the yaw motion of the head.  Axial rotation can also be coupled with extension by 
rotating the head to either side and then tilting the head upwards, or with flexion by 
rotating the head to either side and then tilting the head downwards, or with lateral 
bending by rotating the head to either side and then tilting the head to either side.  These 
motions are facilitated and stabilized by the joints located between each vertebrae [43]. 
The cervical spine is generally considered to be two functional segments, upper and 
lower cervical spine [45].  The upper cervical spine is marked by first and second cervical 
vertebra (C1 and C2); the lower cervical spine includes the rest of cervical vertebra (C3 
thru C7).   Pure rotations of cervical spine usually occur in the upper cervical spine while 
coupled rotational motions tend to occur in the lower cervical spine.   
From the top to bottom of the cervical spine, the 
muscles that are responsible for flexion of the head on the 
cervical spine and flexion of the cervical spine on the 
thoracic spine are the supra-hyoid muscles and infra-
hyoid muscles. These muscles are connected between the 
mandible and the hyoid bone. (Figure 2.12) Unison 
Figure 2. 12 – illustration of  the 
suprahyoid and infrahyoid 
muscles [1] 
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contractions of these muscles and with the masseter and the temporalis produce flexion 
motion of the head, neck, and simultaneously flattening the cervical curvature  [43].     
In upper cervical spine, rotational motions that occur in the joints located between 
the occipital condyles, C1, and C2.  C1 and C2 are dissimilar to the other vertebra.  C1 
(also called the atlas), is an oval ring shaped structure with greater diameter along the 
mediolateral direction. (Figure 2.13)  It has two lateral masses that are oval in shape and 
concave at the superior surface to form the atlanto-occipital joint with the occipital 
condyles. This joint has three degrees of freedom, including axial rotation, flexion and 
extension, and lateral bending.  The muscles that produce these motions are the 
prevertebral muscles located in the anterior and lateral aspects of vertebral column. They 
are grouped as anterior and lateral rectus muscles.  The rectus capitis anterior has two 
bands, the deepest band lying along the median and anterior to the cervical vertebral 
column.  It is attached from the inferior surface of basi-occiput anterior to the foramen 
magnum and then to the anterior aspects of transverse processes of C3-C6. Bilateral 
contraction of this band of muscle produces flexion of the head and flattens out the 
lordosis in the upper cervical spine, while unilateral contraction causes flexion and lateral 
bending of the head ipsilaterally.  The superficial band of this rectus capitis anterior 
attaches from the inferior surface of basi-occiput to the anterior aspects of the lateral 
masses of C1.  Together with the deep band, bilateral contraction of rectus capitis anterior 
produces flexion of the head on the cervical column while unilateral contraction produces 
a coupled motion of flexion, rotation and lateral bending ipsilaterally.  The rectus capitis 
lateralis attaches from the jugular process of the occiput to the anterior of the transverse 
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process of C1. Bilateral contraction of this muscle produces flexion of the head on the 
cervical column while unilateral contraction produces a slight lateral bending of the head 
ipsilaterally.  In addition to these muscles, the atlanto-occipital joint is stabilized by 
ligaments including anterior and posterior atlanto-occipital membranes, capsular ligament 
of the atlanto-occipital joint, anteriorlateral atlanto-occipital ligament, and lateral atlanto-
occipital ligaments.  Axial rotation at this joint is secondary to rotation in C1 and C2 
joints because this motion is a result of the stretching the lateral atlanto-occipital 
ligaments and pulling the occipital condyle to either side, not of direct muscle activation.   
Flexion and extension in atlanto-occipital joint occurs when the occipital condyles slide 
backward or forward on the lateral masses of C1.  Excessive flexion is restricted by the 
atlanto-occipital membrane and the posterior cervical ligament while excessive extension 
is stopped by the contact of bony pieces: occipital bone, and the posterior arch of C1 and 
C2. Flexion of the head on the cervical column and flexion of the neck on the thoracic 
column depend on the anterior muscles of the neck.  They are thus very important in 
supporting the cervical column at rest.  The total range of flexion and extension in the 
atlanto-occipital joint is only15°.  Lateral bending in this joint is very small, the total 
ROM from one side to the other is only 3°.  It occurs when occipital condyles slip off of 
either side of the lateral masses of C1 in the lateral direction.  This movement is limited 
by the tension developed in the capsular ligament of the atlanto-occipital joint and the 
lateral odonto-occipital ligaments.  Most of the lateral bending motion occurs at C2 and 
C3 level [11, 43]. 
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Figure 2.13-Left: transverse view of the atlas (C1); Middle: transverse view of the axis (C2); Right: posterior 
view of atlanto-odontoid joint [45]. 
 
 
C2 (also called the axis) is also unlike the other vertebrae.  Part of its vertebral 
body has a protrusion called odontoid process, which protrudes into the opening of C1 to 
form the atlanto-odontoid joint. (Figure 2.13)    This, along with two other lateral atlanto- 
axial joints between C1 and C2, allows for flexion, extension, and axial rotation of the 
cranium.  These joints are stabilized by cruciate ligaments (transverse ligament, 
transverse-occiptal ligament, and transverse-axial ligament), median and lateral occipito- 
axial ligaments, anterior and posterior atlanto-axial ligaments, and apical ligament.  
Flexion and extension between C1 and C2 is also facilitated by the anterior rectus 
muscles and by longus cervicis, which are another set of prevertebral muscles that runs 
anterior to the cervical column between C1 and T3.  Longus cervicis has three sets of 
muscle fibers, one running obliquely in a descending direction from anterior aspect of C1 
to the anterior of the transverse processes of C3-C6; another one running obliquely in an 
ascending direction from anterior aspects of the vertebral bodies of T2-T3 to the anterior 
of the transverse processes of C4-C7; the other one running longitudinally underneath the 
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other two fibers along the midline and attaches from T1-T3 to C2-C7.  Contraction of 
longus cervicis produces flexion and lateral bending of the cervical spine ipsilaterally.   
As the cervical spine goes into flexion or extension, C1 rolls and slides on top of C2 in 
the anteroposterior direction.  This motion is further stabilized by the transverse ligament, 
transverse-occiptal ligament, and transverse-axial ligament. These three ligaments are 
cruciate ligaments and are connected from the basi-occiput to C2 with the transverse 
ligament in the middle, running across the two lateral masses of C1.  Transverse-occiptal 
ligament connects the superior border of transverse ligament to the basi-occiput, while 
transverse-axial ligament connects the inferior border of transverse ligament to the 
posterior aspects of the vertebral body of C2.  The transverse ligament can be bent 
upwards during extension and downward s during flexion.  Axial rotation in this joint is 
also stabilized by stretching of transverse ligament in clockwise or counterclockwise 
direction.  This rotational motion between C1 and C2 is actually a spiral or helical 
movement as one side of the lateral mass of C1 moves forward while the other side 
retracts on top of C2.  The majority of total cervical spine axial rotation occurs in this 
joint (50%).   In addition, the center of rotation is located near these cruciate ligaments to 
prevent anterior translation. The anterior ligaments provide structural stability in 
extension and the posterior ligaments provide structural stability in flexion. They also 
minimize stress in the intervertebral discs [11, 43]. 
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Figure 2.14- Illustration of lower cervical vertebra bodies. 
 
In a fully matured cervical spine, the majority of rotational motions including, 
flexion, extension, lateral bending and axial rotation, occur in the lower cervical spine 
[11]. C3 thru C7 are similar in structure with vertebral body, transverse process, and 
spinous process. (Figure 2.14) Some of the major muscles in the lower cervical spine are 
the sterno-cleido-occipito-mastoid and scalene muscles. (Figure 2.15) The sterno-cleido-
occipito-mastoid muscle is made up of four distinct bands, a deep band,  cleido-mastoid 
(CM), which runs from medial third of the clavicle to the mastoid process; and three 
Vertebral body 
Spinous process 
Transverse process 
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other superficial bands that are interwoven.  The cleido-occipital (CO) lies over the 
cleido-mastoid and is inserted into the lateral third of the superior nuchal line of the 
occipital, both the sterno-occipital (SO) and the sterno-mastoid (SM) originate from the 
same tendon at the superior margin of the sternum.  The sterno-occipital is inserted along 
with the cleido-occipital into the superior nuchal line and the sterno-mastoid is inserted 
into the superior and anterior borders of the mastoid.  Overall, the sterno-cleido-occipito-
mastoid muscle forms a large muscular band that runs obliquely downwards and forwards 
on the antero-lateral aspect of the neck, which is easily visible under the skin. (Figure 
2.15)  Unilateral contraction of this muscle group produces coupled motion of rotation of 
lateral bending and extension.  If the upper cervical spine is kept flexible with relaxed 
prevertebral muscles, then bilateral contraction of the sterno-cleido-occipito-mastoid 
muscle accentuates the cervical lordosis with the head in extension and cervical spine in 
flexion relative to the thoracic column.  If the prevertebral muscles were activated and the 
upper cervical spine becomes straight and rigid, then bilateral contraction of the sterno-
cleido-occipito-mastoid muscle produces flexion of the cervical spine relative to the 
thoracic spine and forward flexion of the head [43]. 
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Figure 2.15- illustration of the sterno-cleido-occipito-mastoid muscles [43] 
 
The other important muscles in the lower cervical spine are the scalene muscles.  
There are three scalene muscles that lie on the anterior and lateral aspects of the cervical 
spine.  They are connected from the transverse processes of the lower cervical vertebrae 
to the first two ribs.  The scaleneus anterior is triangular in shape with its apex pointed 
downwards.  Its muscle fibers run obliquely starting at the transverse processes of C3-C6 
and is connects to superior aspect of the first rib.   The scalenus medius lies underneath 
the scaleneus anterior and is also triangular in shape with its apex pointed downwards.  
Its muscle fibers run obliquely starting at the transverse processes of C2-C7, and are 
inserted into the superior surface of the first rib.  The scalenus posterior lies posterior to 
the other two and is connected from the transverse processes of C4-C6 and is inserted at 
the superior boarder and lateral aspect of the second rib.  It is located between the 
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anterior and middle scalene and is near the roots of the brachial plexus and the subclavian 
artery. When these muscles contract symmetrically the cervical spine becomes flexed 
relative to the thoracic spine and the cervical lordosis is accentuated if the upper cervical 
spine is relaxed.  Ipslateral contraction of these muscles produces lateral bending and 
axial rotation of the lower cervical spine [43]. 
The ligaments in lower cervical spine include anterior and posterior longitudinal 
ligaments, which are connected to the vertebral bodies (C3-C7) and intervertebral disks 
together, while the transverse processes are connected by intertransverse ligaments and 
the spinous processes are connected with interspinous ligaments.  Anterior and posterior 
longitudinal ligaments extend the entire length of the spinal column starting from the 
base of the skull.  The anterior longitudinal ligament bridges over anterior surface of C1, 
inserts into C2, and thereafter, attaches to each intervertebral disc and vertebral bodies at 
the anterior aspect.  The posterior longitundinal ligament lies posterior to the vertebral 
bodies.  These two superficial ligaments stabilize the spine in the sagittal plane.  
In a neutral resting position, the vertebral bodies are connected and stabilized by 
the intervertebral discs, which are comprised of annulus fibrosus and nucleus pulposus 
[46].  The annulus fibrosus is made up of many concentric layers of fibrocartilage and the 
nucleus pulposus is at the center.   The nucleus pulposus is a gelatin like substance 
composed of water, collagen, and proteoglycans [46].  When the spinal column is in an 
upright position, the layers of annulus fibrosus are concaved inward. (Figure 2.16a & 
2.16c) During motions such as forward flexion, the muscles contract in unison to bring 
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the two adjacent vertebras together, which in turn compresses the annulus fibrosus and 
causes an increase in lateral thickenss on the loaded side, the gelatin like nucleus 
pulposus gets pushed towards the unloaded side.  The unloaded aspect of the two 
vertebras come apart, and as a result forward flexion of the cervical spine occurs  [46].   
 
 
Figure 2.16 - a) unloaded intervertebral disc; b) compressed intervertebral disc, height of the compressed side 
remains the same as in unloaded state; c) unloaded intervertebral disc with the concentric layers of 
fibrocartilage convex inwards; d) compressed intervertebral disc, nucleus pulposus being pushed to the 
unloaded side. [46] 
 
Excessive flexion and extension in lower cervical spine is limited by the tension 
developed in the anterior longitudinal ligament and contact made between transverse and 
spinous processes. However, flexion is only limited by the tension developed in the 
ligaments, which include posterior longitudinal ligament, the capsular ligament of the 
joints between the articular processes, the ligament flava, ligamentum nuchae and the 
posterior cervical ligament.  Additional flexion is stopped by the contact made between 
the chin and the sternum.   The uncinate processes of each vertebrae also contribute to 
flexion. In the lower cervical vertebrae, they provide tilting motions, while in the upper 
cervical vertebrae they allow gliding motions, which are not as stable. However, the 
larger uncinate processes in the upper cervical vertebrae compensate for this instability 
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[16, 29]. In addition, greater lateral bending range of motion occurs in C2-C3 joint as 
compared to C6-C7 due to the larger uncinate process [11].  Lateral bending and rotation 
in the lower cervical spine are governed by the orientation of the facets of the articular 
processes, which prevents pure rotation or pure lateral flexion. Flexion and extension 
motion is smallest at C2-C3 and largest at C4-C5 and C5-C6. Rotation between C3 and 
C6 is coupled with lateral bending [11, 29]. 
 
2.1.3 Development of Human Neck  
Children are not small adults.  Complete ossification of the cervical spine does not 
occur until the third decade of a person’s life [11].  One major problem with developing 
cervical spine is that it is constantly growing and changing, which presents a challenge 
for developing an anthropometrically appropriate model for injury prevention.  
Anatomical variations between developing (pediatric) and fully matured (adult) cervical 
spines lead to differences in injury mechanisms and injury patterns between the two 
groups.   
The pediatric cervical spine is intrinsically plastic due its cartilaginous nature.  
The ossification rate varies for each vertebrae. For example, C1 is formed by three 
primary ossification sites at the anterior arch and two neural arches; ossification of C1 is 
completed by age seven. (Figure 2.17a)  C2 have four ossification centers, one for each 
neural arch, one for the body, and one for the odontoid process. (Figure 2.17b)   The body 
of C2 fuses with the odontoid process between three to six years of age.  The odontoid 
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process has two separate ossification sites; the secondary ossification center, ossiculum 
terminale, does not appear until three to six years of age and fuses by age 12. C3-C7 
exhibit similar developmental pattern.  They are formed with three ossification sites one 
at the body and two at neural arches. (Figure 2.17c)  The neural arches fuse posteriorly by 
age two to three years, and the body fuses with the neural arches between ages three to 
six. Secondary ossification centers at the superior and inferior aspects of the cervical 
vertebral bodies remain unfused until early adulthood. Other secondary ossification 
centers are seen at the tips of the transverse processes and spinous processes, which may 
persist until early in the 3rd decade of life. Furthermore, ossification centers are joined by 
synchondrosis, which is often confused with fractures under x-ray examination [11]. This 
could delay proper diagnosis of pediatric cervical spine injuries. 
The greater elasticity of the developing (pediatric) cervical spine is due to a 
combination of anatomical variations from the adult spine which include, shallower facet 
joints that are horizontally oriented can increase translational movement during flexion 
and extension [47], the more elastic spinal ligaments that can stretch further [48], and the 
weaker neck muscles that can allow larger range of movement. Moreover, the developing 
vertebrae are more oval and wedge shaped anteriorly, which causes slippage in the 
anterior region. These variations cause higher torques and shear forces in between C1 and 
C2 [47, 48]. After maturation, the vertebrae become more rectangular; the uncinate 
processes are raised on the end; layers of annulus fibrosus fold between them and the 
hollowing of the vertebral body provides more stability [48]. 
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Figure 2.17- a) ossification sites of C1; b) ossification sites of C2; and c) ossification sites of C1-C7 [49] 
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The upper cervical spine is intrinsically unstable because there are no 
intervertebral discs and stability in this region is only provided by the ligaments [49]. 
Younger children also have smaller occipital condyles and horizontally oriented atlanto-
occiptal joints, which makes the upper cervical spine joint less stable compared to adults.  
The lack of rigidity not only contributes to instability, but allows hypermobility of the 
cervical spine, which exposes this region to higher injury risks.  Subluxation is a way to 
diagnose spine injuries in adults. For adult spine, a 3mm anterior displacement between 
C2 and C4 is considered an injury [48]. However, Eleraky et al (2000) had reported 
anteroposterior displacement between C2 and C3 of greater than 3mm without injury in 
10 to 16 year old due to their normally elastic spine [48, 50].  This phenomenon is known 
as pediatric psuedosubluxation [11].  Furthermore, greater elasticity in young children 
causes the spinal cord to become injured before the vertebrae. Spinal cord injury without 
radiographic abnormality (SCIWORA) occurs as a result of the spinal cord being less 
elastic than the spinal column [11]. 
For football athletes between ages 11 and 18, the cervical spines are still growing 
and are therefore subjected to the disadvantages of the developing cervical spine.  In 
addition, the younger athletes of this age group have disproportionately larger head sizes 
than their neck size.  According to The University of Michigan Transportation Research 
Institute (UMTRI) data, between 0 to 4 years of age, the child head size increases rapidly 
and reaches 90% of an adult size skull by age 4. By age 12, the child skull is 95% of adult 
size. However, the bone plates of the skull close completely around age 20. On the other 
hand, the neck has a much slower development rate; it only reaches 75% of adult size at 
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age 4 and 85% of adult size by age 12 [51].  Therefore, more effort is needed to protect 
these young football athletes from cervical spine injuries.    
2.1.4 Types of Cervical Spine Injury 
The developing cervical spine is not a scaled down version of the adult spine.  It 
exhibits different injury mechanisms and patterns than the adult spine.  Catastrophic 
injuries such as atlantooccipital dislocations are rare in children because of the high 
forces required to trigger such injury.  Another rare childhood injury is the Jefferson 
fracture (fracture of C1), which is caused by large axial loading forces [11]. 
Spondylolisthesis of C2, also known as “hangman fracture” is also rare in children.  It 
occurs following hyperextension trauma [49].  However, odontoid fractures are common 
among children before age 12 [11].  The odontoid fractures are physeal fractures of the 
dentocentral sychondrosis (one of the ossification sites).  The spinal canal at the C1 and 
C2 region is occupied not only by the spinal cord but the odontoid process as well.  
Therefore, any damage to the odontoid process could directly disrupt the spinal cord.  
Furthermore, the intervertebral discs of the developing spine have greater resistance to 
herniation (bursting of the nucleus pulposus); therefore, wedge compression fractures 
would occur instead when exposed to high axial loads [46].  This type of injury can cause 
loss of vertebral height, which would affect the overall growth of the injured child [46].   
King et al (2000), in a literature review presented the following categories of  
cervical spine injury mechanisms: 1) axial loading, which causes burst fractures of the 
vertebral column; 2) rotational forces, which causes dislocation and subluxation of 
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vertebral column; 3) lateral bending forces that cause one side of the neck to be 
compressed andthe other side to be stretched; 4) hyper-flexion or hyperextension of 
cervical spine that leads to damage of nerves, spinal cord, ligaments, and muscles.  These 
injury mechanisms often occur in combination and can lead to catastrophic (permanent 
neurological damage such as quadriplegia) and non catastrophic cervical spine injuries 
[52].  
In football, catastrophic injuries are referred to as brain and spinal cord injuries, 
as well as fractures to the skull and the cervical spine [2].  Most of the catastrophic 
injuries in football are associated with axial loading mechanisms.  When the neck is in 
neutral position, the cervical spine is in its optimal position with most of the forces being 
buffered by the surrounding musculature and ligaments.  When the neck is in a flexed 
posture, the cervical spine loses its curvature and becomes a straight column such that the 
head, neck and upper torso are aligned to the same vertical axis.  While in this position, 
all of the compressive forces are transferred directly through the vertebral column instead 
of being absorbed by the surrounding soft tissues.  Jagannathan et al (2006) have reported 
that in young adults, the compressive load limits of the cervical spine are between 3340 
to 4450N.  This limit can be easily reached when the person is walking at about 2.3m/s 
with the head in a downward position  [29].  High axial loads can cause burst fractures of 
the vertebral bodies, ligament ruptures and intervertebral disc damages.  These 
catastrophic injuries are irreversible with severe neurological damages [11, 29, 52, 53].  
Torg et al (1977) had identified that axial loading injuries were causing most of the 
quadriplegias and fatalities in the 1960s [26].  As a result, spearing tackles and any 
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tackling techniques that involve the athlete driving his helmet into his opponent are 
banned [21].  Since the ban in 1979, the number of fatalities and catastrophic injuries 
related to axial loading mechanism have decreased [21].   
Another common injury in football is a type of non-catastrophic injury, which is 
commonly known as Stinger’s or burner’s syndrome.  This injury is medically termed 
cervical cord neuropraxia and could be triggered in multiple ways such as lateral bending, 
axial rotation, hyperextension, or coupled rotational motions. One of the injury 
mechanisms is traction injury to the brachial plexus, which occurs when the shoulder is 
depressed and the neck is forced into lateral bending to the contra-lateral side[54]. 
Another scenario is percussive injury to the upper trunk, which occurs as a result of a 
direct blow to the supraclavicular fossa (where the neck and the shoulder meet) [54]. 
Another scenario, which causes the most persistent and severe symptoms, is nerve 
compression when the neck goes into a combination of hyperextension and ipsilateral 
axial rotation [54].  The hyperextension mechanism causes narrowing of the spinal canal 
in anteroposterior direction. The onset of Stinger’s syndrome usually occurs when the 
spinal canal vertebral body ratio becomes less than 0.7 [30, 55-57].  This is similar to 
pinching the spinal cord causing decreases of blood flow to the region including the 
lower brainstem.  Excessive lateral bending forces are often associated with nerve 
injuries.  Lateral bending motion of head tilting to either side of the body causes the 
ipsilateral side to be compressed while the contralateral side is stretched.  Exceeding 
lateral bending tolerance limits leads to compression of nerve roots, or shearing of the 
spinal cord.  The common symptoms of Stinger’s syndrome are characterized by burning 
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pain, numbness, or tingling sensation radiating down the affected arm. These symptoms 
are transient and usually goes away in 10 to 15 minutes, but in some patients the 
symptoms can last up to hours [29].  Furthermore, this type of injury has a high 
recurrence rate of about 56% [54]. Most high-school level injuries are of the brachial 
plexus type, whereas most injuries at the college level and virtually all in the professional 
level result from a pinching phenomenon within the neural foramen [18].  In a study 
conducted by Kuhlman et al (1999), 65% of college football players sustained at least one 
burner during their college careers, but only 30% reported the injury [58].  
Hyperflexion is a type of injury mechanism, which occurs when the upper 
cervical spine exceeds its tolerance limits [29]. Hyperflexion injuries cause disruption to 
the posterior longitudinal ligament, lead to instability of the spinal column, and decrease 
the diameter of the spinal canal [29].  An injury involving a combination of hyperflexion 
and rotation mechanism is more severe because high rotational forces can cause 
dislocation of the vertebral joints.  Hyperflexion injury is especially a concern for the 
younger group of 11to18 year old football athletes. They have disproportionately large 
heads compared to their neck size, weaker neck muscles and more elastic ligaments.  The 
addition of heavy football helmets with facemasks encourages their heads to be in 
downward positions, which exposes them to higher injury risks.   
2.2 Injury risks 
Ivancic et al (2004) had presented the following parameters to be associated with 
risk and severity of cervical spine injury: 1) the positions of head, cervical spine and 
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torso; 2) the material properties of the spinal tissue; 3) the geometry of the vertebrae and 
their buckling behavior; and 4) the level of muscle activity present; 5) the direction and 
magnitude of the force applied; and 6) the inertial forces experienced by the cervical 
spine [59].  The first five parameters are related to the anatomical variations due to age 
and gender factors.  The last two parameters are related to the external environment, 
which the athletes are exposed to and vary by skill level and position played.  In this 
section, injury risk by age and gender, skill level, and playing position will be reviewed 
to develop strategies for protecting the cervical spine. 
 
2.2.1 Injury Risk by Age and Gender 
Several investigators studied the active and passive range of motion and isometric 
muscle strength of the cervical spine [40, 60-63]. It has been recognized that children 
have weaker neck strength but greater range of motion than adults, and females have 
weaker necks and greater range of motion than males.  Youdas et al. (1992) reported that 
with every ten year increase in age, both genders lose about 5 degrees of neck extension 
and 3 degrees of lateral bending and axial rotation. McGill et al (1994) characterized the 
flexibility of the cervical spine in lateral bending and flexion-extension in healthy 
subjects and showed that men have stronger and stiffer necks than women, and were able 
to tolerate greater applied torques than women [61]. McClure et al (1998) developed a 
six-degrees-of-freedom instrumented linkage device, the Neck Flexibility Tester (NFT) 
which was capable of measuring the flexibility of the cervical spine in any direction. 
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They have used this device to measure the passive and active range of motion and the 
flexibility of the cervical spine and to determine the effect of gender, age and head 
posture on these characteristics. The results showed that both men and women had 
similar range of motion in all directions except for axial rotation, in which men showed 
less range of motion [40]. 
Neck muscle strength is a key contributor in preventing head and neck injuries 
[64].  Viano et al (2007) presented a series of papers on the biomechanics of the head and 
neck in NFL collisions that caused concussions.  The authors reported that high school 
and college football athletes have weaker neck muscles compared to the professional 
athletes and therefore were subjected to higher head displacement during impact, 
increasing their risk for head (concussion) and neck injuries. The professional athletes 
have larger neck musculatures, which are more efficient at dissipating energy; providing 
greater resistance to external loads; and minimize head displacement during impact [64].  
Ivancic et al (2004) reported that adequate compensation provided by the cervical spine 
muscles occurs only when the muscle response is fast and strong enough to resist the 
external loading.  When muscles are fatigued, their response time is much slower and 
weaker in strength, which increases the risk of injury over long periods of loading [59]. 
For dynamic situations, such as tackle football, muscle strength and endurance are key 
factors in reducing the risk of injury.  Moreover, younger football athletes whose neck 
muscles are not as well developed as the college level or professional football athletes 
cannot depend solely on their neck muscles to protect them against cervical spine 
injuries. 
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The usage of helmets that do not properly match an athlete’s head and neck 
anatomy may increase the risk for cervical spine injuries. To minimize cervical spine 
injury risk for young football athletes, it is important to provide stabilization and prevent 
excessive motion in the region.  It is also important to minimize the weight experienced 
by the head and neck.     
 
2.2.2 Injury risk by skill level  
The most severe cervical injuries are more likely to occur in higher levels of 
participation due to the higher speed and energy involved in the game.  At professional 
level, the incidence of catastrophic injury is the highest (5.8 per 100,000 atheletes) 
followed by college level (0.81 per 100,000 athletes), while the incidence rate for high 
school football players is only 0.6 per 100, 000 athletes [65]. However, there are more 
high school athletes, which results in the highest number of injuries. Quadriplegia 
(permanent paralysis) is one of the worst diagnoses associated with cervical spine injury. 
Prior to 1976, the development of helmets led to tackling techniques that used the top of 
the helmet as the initial point of contact for blocking and tackling. This technique lead to 
an overwhelmingly high rate of catastrophic cervical spine injuries, and it was banned by 
the National Collegiate Athletic Association Football Rules Committee and high school 
football governing bodies [8]. For the next 25 years, there was a decrease of incidence of 
quadriplegia; however, the rate of occurrence is still high (0.52 per 100,000 high school 
football players, 1.55 per 100,000 college football players, and 14 per 100,000 
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professional football players) [8].   Stinger’s syndrome is a common transient nerve 
injury that occurs in football.  Risk of Stinger’s syndrome varies for athletes of different 
skill level.  At the high school level, brachial plexus stretch injuries result from a forceful 
blow to the side of the head or forceful depression of the shoulder.  In contrast, college 
level players more commonly experience Stinger’s as a result of cervical nerve-root 
compression as the player’s head is forcefully driven towards the shoulder pads [54, 66].   
Although the goal of this thesis is to conduct preliminary works for developing a 
cervical spine protective device for young (11 to 18 year olds) football athletes, realizing 
that football athletes of different skill levels are subjected to different injury risks, and the 
concept of developing a customizable cervical spine protective device may be applied to 
football athletes of all levels.   
 
2.2.3 Injury risk by playing positions 
Ramirez et al (2006) observed more than 5,000 high school football athletes over 
a period of two football seasons and concluded that the positions most prevalent to injury 
are offensive lineman and running backs/fullbacks [67]. The most common mechanisms 
of injury are non-head collision with other players, overexertion, twisting, collision with 
object, and head to head collision with other person [67]. The football players are most 
likely to sustain injury while running, tackling and blocking. The common diagnoses for 
neck region are sprains, strains, tears and concussions to head [67]. 
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Between 1977 and 2008, 205 out of the 295 players (69.5%) with cervical cord 
injuries were playing defense at the time of injury. (Figure 2.18)  Also, the majority of 
injuries are associated with tackling.  (Figure 2.19)  In 2008, there were 13 cases of 
catastrophic cervical spine injury, eight of which occurred during tackling [8].  Even 
though coaches are teaching players to tackle and block with their head in an upward 
position,  the players still lower their heads while tackling their opponents [8].  In 
addition, it was reported that ball carriers were being injured with their heads in a 
downward position while being tackled [8]. This is because coaches are teaching ball 
carriers to lower their heads before being tackled so that they can protect the ball and  run 
over the tackler.   This technique is dangerous and can cause cervical spine and brain 
injuries with incomplete recovery.  Moreover, in 2008, six out of the 13 cases of 
catastrophic cervical spine injury were defensive backs, two were on kick-off teams, 
three were running backs, and two were linebackers.  A customizable cervical spine 
protective device based on the functional need of player’s position should be considered.  
It is essential to develop a device that helps keep their heads in an upward position.   
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Figure 2.18- Catastrophic cervical spine injuries from 1977-2008 by position played.  The majority of injuries 
occur in defensive backs (34.9%)  [8] 
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Figure 2.19- The majority (71%) occurred in defensive players, with most of them (69%) occurring during 
tackling. Most of these injuries (79%) involved fractures and dislocations [8]. 
2.3 Preliminary design concept of a cervical spine protective device  
Since young (11 to 18 year old) football athletes have weaker neck muscles and 
greater ranges of motion than professional or college level athletes. A device should be 
designed that  channels the external forces away from the neck, possibly to the shoulder 
regions.  Some design considerations for a cervical spine protection device intended for 
this group of football athletes are, provide restriction in multiple direction of motion 
particularity in the flexion direction, and prevent axial loading injuries.  
All anatomical joints, including the cervical spine joint, exhibit highly non-linear 
visco-hyper-elastic properties [40]. These properties are optimally adopted for proper 
functionality and stability of the joints by allowing unconstrained movement within a 
functional range; and provide high resistance and stability at the extremes of the 
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functional range.  Injury usually occurs outside of the extreme range of motion. The 
functional range is highly dependent on the speed of loading.  At high loading rates, this 
range is decreased as compared to that at very low speeds.  Taking into consideration 
these characteristics of the cervical spine, the proposed cervical spine protective device 
(CSPD) is constructed with four visco-hyper-elastic composite band hyper-elastic and 
extruded polyurethane foam, which prevents hyperextension.  The visco-hyper-elastic 
bands allow high level of protection without significantly compromising freedom of 
motion within the required functional range.  The composite band consists of a highly 
elastic band with low modulus of elasticity and a rigid strong band with high modulus of 
elasticity. [Figure 2.20]  The two bands are sutured together to form one structure so that 
when the elastic band is at its resting length, the rigid band is in a wave form.  The results 
of a tensile testing test conducted on the composite test at two different loading rates, 
demonstrate its unique visco-hyper-elastic properties. (Figure 2.21 and 2.22)  As the 
composite band is initially stretched, the non-elastic band unfolds so the net modulus of 
elasticity is very low and the band provides only negligible interference with the motion 
of the cervical spine within its range of motion. However, once the non-elastic band 
becomes fully unfolded and straight, which it is designed to do at the end of the desired 
ROM, the composite band becomes several folds stiffer and provides high resistance to 
any further motion of the cervical spine.  
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Figure 2.20- Schematic of the visco-hyper-elastic band 
 
 
Figure 2.21- Tensile load versus strain behavior of the composite band at slow and fast loading rates. 
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Figure 2.22 – Visco-hyper-elastic band setup for tensile loading tests a) band before applying tensile loading, b) 
close up of the band before loading, and c) fully stretched band after loading. 
 
Summary of Chapter 1 & 2  
Injuries to the cervical spine during tackle football occur when impact or inertial 
forces acting on the head are large enough to deform the underlying tissues beyond their 
tolerance limits. Therefore, it is assumed that the closer and more frequent the cervical 
spine is pushed to these tolerance limits, the higher the risk for injury. Establishing 
guidelines and developing effective subject-specific CSPDs based on this fundamental 
assumption require knowledge of the individual’s tolerance limits, active and passive 
range of motion, and the active muscular protection (Isometric Muscle Strength-IMS). 
Neck stability and control is provided by muscles and ligaments.  The developing 
cervical spine has more elastic ligaments and weaker neck muscles, which influence the 
injury risk of cervical spine injuries for young football athletes (ages 11 to 18).  
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Furthermore, the younger athletes of the 11 to 18 year old group are more prone to neck 
injuries because their head size is disproportional to their neck size [14]. The added 
weight of the football helmet and face mask exacerbate this effect by encouraging the 
head into a downward position, exposing the cervical spine to higher axial loads.   
The risk of cervical spine injury varies between individuals by age, gender, skill 
level and position played.  Therefore, it is important to develop a customizable cervical 
spine injury protective device that can be conveniently tailored to anyone.  The device 
should restrict excessive ranges of motion of the cervical spine in multiple directions.  
However, it should not be cumbersome, add additional weight to the head and neck 
system, interfere with range of motion required for normal performance.     
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CHAPTER III: EXPERIMENTATION AND METHODS 
The objective of this thesis was twofold; to determine the weak areas of the neck 
in terms of isometric muscle strength (IMS) and range of motion (ROM), and to evaluate 
preliminary designs of cervical spine protective device (CSPD).  This chapter focuses on 
methods and equipment used to collect and analyze data.  Experiments were conducted to 
determine the IMS of the cervical, the extreme ROM of the cervical spine, and the 
effectiveness of proposed cervical spine protective device in preventing the cervical spine 
from entering extreme ranges of motion.   
The ROM of the cervical spine was measured using a CROM device (described in 
section 3.1.1) under three conditions: unprotected (natural ROM), protected while 
wearing football helmet and shoulder pads, and protected with CSPD while wearing 
football helmet and shoulder pads.  The isometric muscle strength data was collected 
using specially designed equipment called the Neck Flexibility Tester (described in 
section 3.1.4).  Both ROM and isometric neck muscle strength data were collected for 
uncoupled and coupled rotational movements as listed in Table 3.3.  The specific coupled 
rotations were chosen because they are associated with the mechanisms that cause 
Stinger’s syndrome. 
    
3.1 Research Participants 
The cervical spine isometric muscle strength and range of motion were collected 
from ten participants (six males and four females).  The average age of male participants 
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was 26±5 years old, average height was 1.74±0.9m, and average weight was 69±11kg, 
which resulted in average body mass index (BMI) of 23±3.  The average age of female 
participants was 25 years old, average height was 1.68±0.9m, and average weight was 
67±16kg, which resulted in average BMI of 24±3. (Table 4.1)    Furthermore, head and 
neck anthropometric measurements were measured.  For the male participants, the 
average head circumference was 569.6±15.4mm, average neck circumference was 
365.8±16.2mm, and average neck length was 150.8±25.3, which resulted in average neck 
length and circumference ratio of 0.41±0.07 and head volume (head circumference 
cubed) to neck area (neck circumference squared) ratio of 1385±105.4.  For the female 
participants, the average head circumference was 570±7.07mm, average neck 
circumference was 342±37.7mm, and average neck length was 127.7±14.9mm, which 
resulted in an average neck length and circumference ratio of 0.37±0.02 and a head 
volume to neck area ratio of 1619±308.7.  Originally, it was thought that females have 
weaker necks due to the size of their necks.  It was   expected that the female participants 
would have smaller neck circumference and length than the  male participants.  However, 
the data showed that female and male participants have similar head circumference 
(0.1%, 0.964) (percent difference of the mean, p-value).   Female participants have 
smaller neck circumference and neck length than males (-6.5%, 0.304 and -15.3%, 0.109, 
respectively).  Comparing the ratio of the neck length and circumference showed that the 
female participants have smaller ratio than males (-9.4%, 0.275).  However, female 
participants have a larger head volume (head circumference cubed) to neck area (neck 
circumference squared) ratio than the male participants (16.9%, 0.228).  Note that none 
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of the p-values were below 0.05, which means that the differences in measurements were 
not significantly influenced by gender.  Therefore, the results of this study were not based 
on gender variation.  Instead, the results will show cervical spine behaviors that were 
applicable to both genders.   
Table 3.2 - Male and female research participants’ anthropometric measurements 
(Mean ± Standard deviation)  Male Female 
% 
Difference 
of the Mean  p-value 
General 
Age (years) 25.8±4.91 24.5±0.57 -5.2% 0.539 
Height (cm) 173.5±8.74 167.6±9.03 -3.4% 0.344 
weight (kg) 69.3±10.6 67.3±15.5 -2.9% 0.833 
BMI  22.9±2.73 23.6±2.76 3.1% 0.703 
Head and Neck 
Head circumference (mm) 569.6±15.4 570±7.07 0.1% 0.964 
Neck circumference (mm) 365.8±16.2 342±37.7 -6.5% 0.304 
Neck length (mm) 150.8±25.3 127.7±14.9 -15.3% 0.109 
Neck Length/circumference Ratio 0.41±0.07 0.37±0.02 -9.4% 0.275 
Head circ cubed/Neck circ squared 1385±105.4 1619±308.7 16.9% 0.228 
% Difference of the Mean= (female-male)/male  
 
Table 3.3- Testing matrix,  denotes IMS were tested in the specified combination and  denotes ROM were 
tested in the specified combination 
IMS (Nm)  
 
ROM (degrees)  
Flexion Extension 
Lateral Bending Axial Rotation 
Toward 
Neutral 
Away 
from 
Neutral 
Toward 
Neutral 
Away 
from 
Neutral 
Neutral       
Flexion       
Extension       
Lateral Bending       
Axial Rotation       
Extension and Axial 
Rotation       
Extension and Lateral 
bending       
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3.2 Experimental Equipment 
3.2.1 CROM Device 
The Cervical Range of Motion (CROM) device (Performance Attainment 
Associates, Roseville, MN) was used to measure the natural range of motion of the 
cervical spine in coupled and uncoupled motions.  This device was a head-mounted unit 
equipped with two goniometers (fluid–damped inclinometers), a compass, and magnets. 
(Figure 3.23)  It was designed to assess the range of motion in the cervical spine.  The 
two goniometers were used to capture ROM of flexion, extension, and lateral bending. 
The compass was used with magnets to measure axial rotation ROM.  This device was 
worn around participant’s head similar to wearing a pair of spectacles and there were two 
Velcro® bands, which were used to secure the CROM device on the participant’s head.    
 
 
Figure 3.23 – Left: CROM device used to measure unprotected (natural) ROM; Right: modified CROM device 
to measure ROM while participant was wearing football helmet, shoulder pads, and CSPD 
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This device has been used in previous studies and has been shown to have a high 
degree of inter-rater reliability and reproducibility [68-70].  The CROM device has been 
used in the past to measure abnormal head postures for Ocular Motility Examination 
purposes [68, 69],  to obtain age and gender variations of active ROM of healthy cervical 
spine [60], and to quantify normal cervical spine ROM in children [71, 72].  When 
comparing ROM measurements obtained using CROM device and the traditional x-ray 
measurements technique, correlation coefficients between the methods was found to be 
0.97 to 0.98 for flexion and extension ROM, and 0.82 to 0.84 for lateral bending range of 
motion with an error of 1° to 2° [73].  
 
3.2.2 Modified CROM device 
The CROM device only allows for measurement of unprotected (natural) ROM.  
It was not large enough to be fitted around a football helmet.  A modified CROM device 
was created to measure ROM while a  participant was a wearing football helmet and 
shoulder pads.  This modified device consisted of two inclinometers, one compass and 
magnets. (Figure 3.23)  They were attached to the football helmet using Velcro®.  The 
data collected from CROM devices was expected to show that when the neck was outside 
its neutral position, its range of motion was limited. 
In addition, comparison measurements were made between the original CROM 
device and the modified CROM device.  This was done with a research participant 
wearing the original CROM device and was asked to rotate in various directions to fixed 
55 
 
positions.  Next, the modified CROM device was placed over the dials of the original 
CROM device and the participant rotated to the same fixed positions.  This was repeated 
three times and the average values were presented in figure 3.24, which shows minimal 
differences between the two devices.   
 
 
Figure 3.24-Comparison of measurement values obtained using CROM and Modified CROM devices 
 
3.2.3 Football helmet and Shoulder pads 
To measure ROM in the protected condition, participants wore football protective 
equipment including a helmet and a pair of shoulder pads.  There were two helmets used 
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during the experimentation, a medium and a large Riddell Revolution IQ™ Youth with 
facemasks. (Figure 3.25a)  Riddell Revolution IQ™ Youth helmets were chosen due to 
cost restraints.  It had the same mass and dimensions as the adult version of the helmet.  
The only difference was the outer shell material as the youth helmet was made with a 
high impact Acrylonitrile Butadiene Styrene (ABS) plastic shell and the adult helmet was 
made with a polycarbonate shell.  This helmet also has the same features as the adult 
version including Riddell Revolution® Concussion Reduction Technology, the Ideal Fit 
Liner System with inflatable padding, and the Quick Release™ Face Guard System [74].  
The shoulder pads used during the experiment were Schutt youth shoulder pads (Figure 
3.25b) and Riddell EV18C youth shoulder pads (Figure 3.25c). These shoulder pads were 
chosen simply for the size and cost.  Similar helmet and shoulder pad setup have been 
used by other researchers to evaluate the effectiveness of neck collars, all of which 
concluded that there was a need to design better neck protection devices for football 
athletes [32, 33, 75-78].  Rowson et al (2009) used the instrumented Riddell Revolution 
IQ™ helmets to collect linear and angular head acceleration measurements in college 
football athletes during games [3].  Viano et al (2007) also used football helmets and 
shoulder pads on Hybrid III test dummies to reconstruct NFL concussion cases in order to 
study the head and neck kinematics of the striking athlete and the struck athlete [53, 64].     
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a 
 
Riddell Revolution IQ™ Youth Helmet 
HELMET SIZE: Medium 
HAT SIZE: 165.1-177.8mm 
HEAD CIRCUMFERENCE: 517.5-
558.8mm 
 
HELMET SIZE: Large 
HAT SIZE: 177.8-190.5mm 
HEAD CIRCUMFERENCE: 558.8-
596.9mm 
 
 
 
 
b  
 
 
 
 
 
 
 
Schutt Junior Blocker Shoulder Pads 
Size: extra small 
Chest Circumference: 660.4-711.2mm 
Shoulder Width: 279.4-304.8mm 
The shoulder pads have T-hook connectors 
for securing the apparatus to the upper 
torso. 
 
 
 
 
 
c  
  
 
Riddell EV18C shoulder pads for 
Quarterbacks and Wide Receivers 
Size: Small 
Chest Circumference: 914.4-965.2mm                    
Shoulder Width: 406.4-431.8 mm 
The shoulder pads have T-hook connectors 
for securing the apparatus to the upper 
torso. 
 
 
Figure 3.25 -a) football helmet, and b & c) shoulder pads used during experimentation  
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3.2.4 Proposed Cervical Spine Protection Device 
Customized cervical spine protection device were created for each participant.  
The development and creation of the CSPD will be discussed in Chapter 4.3.  The 
proposed cervical spine protection device was made up of four visco-hyper-elastic 
composite bands that were connected from the bottom of the helmet to top of a piece of 
extruded foam, which was attached to the shoulder pads. (Figure 3.26) The bands were 
designed to provide restriction in cervical spine flexion, lateral bending and axial rotation 
directions, but not in the extension direction.  The extruded foam was intended to prevent 
hyperextension of the cervical spine by contacting the base of the helmet.  This part is 
similar to the cowboy™ collar design, but without the side wings.    
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Figure 3.26 –Left: schematic of the arrangement of CSPD in 3D CAD model; Right: set of CSPD designed 
specifically for this participant 
 
 
Different designs of visco-hyper-elastic composite bands were tested by varying 
the type of elastic band used.  The variations included using just a single piece of wide 
elastic band, and braided elastic cords of 3 strands, 6 strands, and 9 strands. (Figure 3.27)   
The amount of restriction provided by the bands was also varied among participants. 
(Table 3.4)   
Visco-hyper-elastic bands 
Extruded foam 
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Figure 3.27- Types of bands used during experiment, from top to bottom, single piece of wide elastic band, 3 
strands, 6 strands, and 9 strands of braided elastic cords. 
 
Table 3.4 –list of CSPD designs and restriction for each participant 
Participant ID Helmet Size  
Shoulder pads 
Size Type of CSPD Design % of Restriction 
2 M XS 3 Strand 75% 
3 M S 6 Strand 80% 
4 L S 6 Strand 70% 
5 L S 3 Strand 80% 
6 M XS 3 Strand 100% 
7 M S 3 Strand 80% 
8 M S Elastic Band 75% 
9 M S 9 Strand 80% 
10 L S 6 Strand 75% 
11 M XS 6 Strand 75% 
Helmet Size: 
M: Medium Riddell Revolution IQ™ Youth 
L : Large Riddell Revolution IQ™ Youth 
Shoulder pads size: 
XS: Extra small Schutt Junior Blocker Shoulder Pads 
S: Riddell EV18C shoulder pads 
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3.2.5 Neck Flexibility Tester 
To determine the weak areas of the cervical spine, isometric muscle strengths 
were obtained using the neck flexibility tester (NFT).  (Figure 3.28) McClure et al [1998] 
developed the neck flexibility tester, which was a six-degrees-of-freedom instrumented 
linkage device [40]. It was capable of measuring the flexibility of the cervical spine in 
any direction. They used the NFT to measure the passive and active ROM and the 
flexibility of the cervical spine to determine the effect of gender, age and head posture on 
these characteristics. McClure et al designed the NFT based on Grood and Suntay 
parameters, which were used to define a coordinate system for most human joints [41]. It 
was equipped with potentiometers (used to determine the angle of rotation) and torque 
sensors and was capable of collecting data such as flexibility, ROM, and isometric 
muscle strength (IMS) of the cervical spine [40].  The NFT has been approved in the past 
by the Internal Review Board (IRB) of Drexel University for use in several research 
studies conducted on human participants. More recently, the NFT was used to quantify 
the effect of anterior cervical fusion on cervical spine range of motion and flexibility 
[40].  The IRB approval for the use of NFT for this thesis research can be found in 
Appendix A.  During experimentation, a research participant would sit in the NFT with 
the upper torso strapped to the chair with a four point seatbelt system while his/her head 
was attached to the e3 axis of the NFT using a hockey helmet.  The hockey helmet was 
used because it was lightweight and it was easily adjustable to fit participants of various 
head circumferences.  In addition, the sides of the hockey helmet were low enough that 
the participant can exert forces in multiple directions without the head slipping inside the 
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helmet.    The data collected from NFT was expected to show correlation between neck 
strength and positions of the head and direction of cervical spine motion.  
 
Figure 3.28 –The top drawing provides a schematic diagram of the NFT and the bottom picture shows a 
participant seated in the NFT.  
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3.4 Testing Protocol 
The specific testing protocol consists of seven sets of testing, including 
measurements of the active and passive neck range of motion in unprotected, protected 
with football helmets and shoulder pads, and protected with football helmets, shoulder 
pads, and cervical spine protective device, and isometric neck muscle strength. Testing 
usually occurred in two sessions and the total duration was about three and half hours for 
each participant.  In session one, anthropometric measurements were taken including: 
height, weight, head circumference (measured from above the ears), neck circumference 
(measured around the laryngeal prominence with a slight angle upwards), and neck 
length (measured from occipital condyle to T1).  Test 1 through 5 took place in session 
one and test 5 was repeated along with test 6 and 7 in session two.  
 
Test 1 (Active ROM-Unprotected) 
The first set of tests was performed using the CROM device for measuring the 
active ROM of the cervical spine during which the participants were asked to move their 
heads as much as they were comfortable in both coupled and uncoupled motions.  
Participants were asked to sit upright in a chair and were strapped  with a four-point 
seatbelt system to prevent any upper body movements.  Two researchers were required to 
conduct the experiment with one recording the data and the other giving verbal 
instructions to the participants and reading the values off of CROM device.  Blank data 
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forms that were used to record data during experiment can be found in Appendix B.  
Starting at a neutral position, the following instructions were given:  
1. Flexion (chin down to the chest, return to rest position) 
2. Extension (chin up to the ceiling, return to rest position)  
3. Lateral bending (tilt head to left, return to rest position, tilt head to right, 
return to rest position) 
4. Axial rotation (rotate head to left, return to rest position, rotate head to 
right, return to rest position)   
Next, the participants were asked to flex their heads down to about 40 degrees and 
stayed in this position to perform the following rotations: 
1. Lateral bending to both sides (tilt the head to left, ear to the shoulder, 
return to flexed position, tilt the head to right, ear to the shoulder, return to 
flexed position)  
2. Axial rotation to both sides (rotate head to left, return to flexed position, 
rotate head to right, return to flexed position) 
When this was completed, the participants were asked to return to neutral and 
extend their necks back to about 40 degrees and stayed in this position to perform the 
following rotations: 
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1. Lateral bending to both sides (tilt the head to left, ear to the shoulder, 
return to extended position, tilt the head to right, ear to the shoulder, return 
to extended position)  
2. Axial rotation to both sides (rotate head to left, return to extended position, 
rotate head to right, return to extended position) 
After this set of rotations, the participants were asked to return to neutral and bend 
their necks to the right for about 40 degrees and stayed in this position to perform the 
following rotations: 
1. Flexion (chin down, return to bent position) 
2. Extension (chin up, return to bent position) 
3. Axial rotation to both sides(rotate head upwards, return to bent position, 
rotate head downwards, return to bent position) 
Finally, the participants were asked to return to neutral position and rotate their 
necks to the right for about 40 degrees and stayed  in this position to perform the 
following rotations: 
1. Flexion (chin down, return to rotated position) 
2. Extension (chin up, return to rotated position) 
3. Lateral bending to both sides (tilt head left, return to rotated position, tilt 
head right, return to neutral position) 
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3.4.2 Test 2 (Passive ROM - Unprotected) 
The second set of tests recorded the passive ROM of the cervical spine, which 
required the participants to relax their neck muscles while the researcher moved the 
participants’ heads slowly and gently with his/her hands in each direction to the 
participants’ limits. Again, the participants went through the same motions as described 
in section 3.2.1 for active ROM testing. The researcher only moved the participants’ 
heads as far as it was comfortable for the participants. 
 
3.4.3 Test 3 and 4 (Active & Passive ROM -Protected with football helmet and 
shoulder pads):   
In tests 3 and 4, participants wore shoulder pads and a football helmet with the 
modified CROM device. The participants were asked to go through the motions as 
described in section 3.2.1 and 3.2.2 for active ROM and passive ROM measurements.  
The purpose of this test was to gather data to show the difference in ROM for each 
participant when wearing the football protective equipment versus without.  While the 
participants were wearing the football helmet and shoulder pads, a series of 
measurements were taken to create customized cervical protection device for each 
participant.  There were marked locations on the helmet and shoulder pads that the 
measurements were taken from.  (Figure 3.29 and 3.30)  As the participants sat in an 
upright position, distance measurements were taken from point 1 at the bottom of the 
helmet to point 1 located on the extruded foam piece, then point 1 (helmet) to point 2 
(foam), point 1 to point 3, and point 1 to point 4.  Similarly, distance from point 2 at the 
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bottom of the helmet to point 2 located on the extrude foam piece, point 2 (helmet) to 
point 3 (foam), and point 2 to point 4, point 3 to point 3, point 3 to point 4, and point 4 to 
point 4.   Same set of measurements were taken while the participants were in extreme 
flexion, lateral bending and axial rotation to the right side.     
 
  
Figure 3.29- front view of the football helmet and 
shoulder pads.  The attachment point for CSPD on the 
extrude foam piece is visible. 
Figure 3.30 –back view of the football helmet and 
shoulder pads.  The attachment point for CSPD on 
the back of the helmet is visible. 
 
3.4.4 Test 5 (Isometric Muscle Strength):   
This set of tests was designed to obtain IMS data and was repeated twice for all 
participants. The NFT has three axes, one for every rotational motion about a set neutral 
position.  Flexion/extension occurs about the lateral axis (left to right) in the sagittal 
plane. Left and right lateral bending occurs about the anteroposterior axis (front to back) 
in the frontal plane. Left and right axial rotation occurs about the longitudinal axis (head 
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to toe) in the transverse plane. The NFT can be locked to isolate movement about one or 
two axes, or locked completely to prevent rotations altogether. For example, locking the 
anteroposterior axis prevents the neck from lateral bending, but the neck was free to 
rotate about the other two axes. Initially, the participants wore a hockey helmet, which 
was attached to the NFT, and were secured to the NFT chair with a four-point seatbelt 
system.  The IMS values were obtained for flexion, extension and, lateral bending and 
axial rotation to the left or towards neutral and to the right or away from natural 
directions with the head in seven different positions.  In the first position  with the head 
being in neutral position, all three axes were locked and the participants were asked to 
exert as much force as possible in six directions including flexion, extension, lateral 
bending and axial rotation to the right and left.   In the second position with the head 
being flexed forward to about 40°, all three axes were locked and the participants were 
asked to exert as much force as possible in the six directions.  In the third position with 
the head being extended backwards to about 40°, all three axes were locked and the 
participants were asked to exert as much force as possible in the six directions.  In the 
fourth position with the head being tilted to the right for about 30°, all three axes were 
locked and the participants were asked to exert as much force as possible in the six 
directions.   In the fifth position with the head being rotated to the right for about 20°, all 
three axes were locked and the participants were asked to exert as much force as possible 
in the six directions.   In the sixth position with the head being extended backwards to 
about 40° and rotated to the right for about 20°, all three axes were locked and the 
participants were asked to exert as much force as possible in the six directions.   In the 
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seventh position with the head being extended backwards to about 40° and titled to the 
right for about 20°, all three axes were locked and the participants were asked to exert as 
much force as possible in the six directions.   All participants were asked to rotate or tilt 
their heads to the right side.   This was set up so that when the participant’s head was 
tilted or turned to the right side, any rotation to the left side would be equivalent to going 
towards neural and to the right side would be going away from neutral.  Care was taken 
to randomize the order of the head positions to avoid bias in the experiment.   
3.4.6 Test 6 &7 (Active & Passive ROM- CSPD protected with football helmet, 
shoulder pads and cervical spine protection device):  
The purpose of these two tests was to gather data for evaluating the difference in 
ROM of the participant when wearing the protective football gear versus wearing the 
customized cervical spine protection device. In these last two tests, the participant wore 
shoulder pads, football helmet and CSPD created based on measurements taken as 
described at the end of section 3.2.4. The active and passive ROM of the cervical spine 
data was collected again in the same manner as described in section 3.2.1 and 3.2.2.  
 
3.5 Methodology for Data Analysis  
3.5.1 IMS Data Analysis Procedures 
The cervical spine IMS in six directions of flexion, extension, lateral bending and 
axial rotation to the left and right was evaluated with the head in seven different 
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positions.   During testing, all participants were asked to rotate or tilt their heads to the 
right side.   This was set up so that when the participant’s head was tilted or turned to the 
right side, any rotation to the left side would be equivalent to going towards neural and to 
the right side would be going away from neutral.   The means of the cervical spine IMS 
in each of the six directions were calculated among all participants (n=10) along with 
standard deviations, maxima and minima.  A total of six plots were created to illustrate 
this set of data.     
Repeated measure analysis of variance (ANOVA) were conducted to compare the 
effect of head position on the mean cervical spine strength for various rotations.   For 
each of the ten participants, seven head position conditions were used. Therefore, the 
ANOVA table included six degrees-of-freedom for conditions, nine degrees-of-freedom 
for participants, and 54 degrees-of-freedom for error. Consequently, the F test had six 
main and 54 interaction degrees-of-freedom. The end results of the repeated measure 
ANOVA for each rotation gave an F ratio, which was used to determine whether there 
was significance between the tested conditions [79, 80].  The F ratio for within 
participant variation was calculated by taking the between-conditions population variance 
divided by the interaction population variance [79, 80].   If the calculated F ratio exceeds 
the cutoff F (6, 54) of 2.27 for p < 0.05, the null hypothesis was then rejected and the 
results indicated that there were significant differences of IMS between the head 
positions [79, 80].   
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Post hoc analyses were performed following the rejection of null hypothesis.  The 
student Neuman-Keuls tests were performed at the significance level of p < 0.05 to 
identify the head positions that significantly influence the cervical spine IMS.  Newman-
Keuls test compares critical difference value from the actual mean difference [79, 80].  
Critical difference values were obtained using the following formula [79, 80]: 
 
CD = q(k,dfwg)�MSEn  
 
First, the mean cervical spine strength in seven conditions was ranked from 
lowest to highest in order to determine the span between each pair such that between the 
extreme pair, the span was equal to 7 and between adjacent pairs, the span was equal to 2.  
The studentized range value  q(k,dfwg) varies depending on the span between each pair. 
(Table 3.5) There were 7 means being compared with 63 degrees of freedom.  
The q(k,dfwg) value provided in [80] was for degrees of freedom of 60, 120, etc.  
Therefore,  q(k,dfwg) for degrees of freedom of 60 were used for this analysis. MSE was 
mean square of error which was equivalent as interaction population variance 
(denomomator for F ratio) and,  n,  was number of participants, which was 10.   
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Table 3.5- Studentized range value for k=2, 3, 4, 5, 6, and 7 with degrees of freedom of 60, for p>0.05 [80] 
 q value for p>0.05 
𝑞𝑞(2,60) 2.83 
𝑞𝑞(3,60) 3.40 
𝑞𝑞(4,60) 3.74 
𝑞𝑞(5,60) 3.98 
𝑞𝑞(6,60) 4.16 
𝑞𝑞(7,60) 4.31 
 
 
3.5.2 ROM Data Analysis Procedures 
Individual active ROM data were evaluated to examine the effect of the three 
conditions on active ROM.  For each participant, three plots were created to represent 
active ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal 
plane; for coupled flexion, extension in sagittal plane and axial rotation in transverse 
plane; for coupled axial rotation in transverse plane and lateral bending in coronal plane.  
The mean cervical spine active and passive ROM were calculated for the entire sample 
population for the unprotected condition for analyzing the effected of coupled rotational 
motion.   
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CHAPTER IV: RESULTS 
These results presented in this chapter were based on ten research participants, six 
male and four female.  Data presented in this chapter include IMS of the cervical spine 
measured at various head positions (Section 4.1); natural passive and active ROM in 
coupled and uncoupled cervical spine motions (Section 4.2); active ROM while 
participants were wearing a football helmet, shoulder pads, and part of the cervical spine 
protective device (Section 4.3); design of the cervical spine protective device and active 
ROM while participants were wearing CSPD (Section 4.4).        
4.1 IMS Results 
In general, all of the participants produced highest forces (IMS) in flexion and 
extension directions.  The three highest mean IMS occurred in flexion and extension 
directions, 22.8±10.7Nm in extension when the head was tested in flexion position (0, 40, 
0); 20.6±11.1Nm in extension and 19.9±10.7Nm in flexion when the head was tested in 
neutral position (0, 0, 0). (Table 4.6)  In contrast, all of the participants produced lower 
forces in lateral bending and axial rotation directions.  The mean of the mean IMS values 
in lateral bending to the left were 8.9Nm and to the right were 7.7Nm and the mean of 
mean IMS values in axial rotation to the left were 7.6Nm and to the right were 7.4Nm.  
These values were only 50% of the mean of mean IMS values in flexion and extension 
directions, which were 15.8Nm and 18.6Nm, respectively. (Table 4.6, column 9) The 
three lowest mean IMS were found in lateral bending and axial rotation directions, 
5.2±2.2Nm and 5.4±2.1Nm in lateral bending away from neutral direction when the head 
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was tested in lateral bending position (-30, 0, 0) and when the head was tested in coupled 
extension and lateral bending position (-20, -40, 0); 6±2.9Nm in axial rotation away from 
neutral direction when the head was in coupled extension and axial rotation position (0,-
40,-20).    
Comparisons of the mean of mean IMS values between various positions of the 
head showed the cervical spine to be strongest in four out of six directions when the head 
was tested in neutral position. (Table 4.6, last row) The other two directions were 
extension and axial rotation directions; but, the differences between these two means and 
their respective maximum mean IMS were insignificant, about 2Nm for extension and 0.2 
Nm for axial rotation (refer to section 4.1.2 and 4.1.6 for detailed analysis).   
Detailed analysis of IMS of each rotational direction including flexion, extension, 
lateral bending and axial rotations are presented in section 4.1.1 to 4.1.6. A summary of 
the weakest and strongest head position are provided in section 4.1.7.   
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Table 4.6- Mean IMS and standard deviation of the cervical spine when the head was test in different positions, each row represents a rotation direction while each 
column represents a head position. 
 
Head Positions  
 
 
 
Row 
Mean 
Mean IMS  ± Standard Deviation 
 Neutral Flexion Extension Lateral Bending Axial Rotation 
Extension 
and Axial 
Rotation 
Extension 
and Lateral 
Bending 
Rotational Directions: (0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
Flexion IMS (Nm) 19.9±10.7 15.4±5.86 15±7.26 17.1±8 16±9.4 13±7.9 14.2±7.2 15.8±8.1 
Extension IMS (Nm) 20.6±11.08 22.8±10.7 13.7±7.7 17.2±10.4 19±9.6 12±7.8 12.7±5.7 18.6±9.6 
Lateral Bending (Left) IMS (Nm) 12±4.2 8.9±4.6 7.8±3.4 7.5±4.5 10.2±5.3 8±4.4 8±3.7 8.9±4.4 
Lateral Bending (Right) IMS (Nm) 10.9±5.9 8.4±3.9 7.4±3.1 5.2±2.2 9.5±4.3 6.9±3.2 5.4±2.1 7.7±4.1 
Axial Rotation (Left) IMS (Nm) 9.1±6.2 7.8±4.1 6.6±4 7.3±3.6 8.7±5.2 7±3.9 6.9±3.7 7.6±4.4 
Axial Rotation (Right) IMS (Nm) 8.3±5.2 8.5±4.6 6.5±3.8 8.4±5.1 7.5±4.3 6±2.9 6.7±3.5 7.4±4.2 
Column Mean 13.5±9 12±8 9.5±6 10.4±7.7 11.8±7.7 8.8±6 9±5.5  
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4.1.1 Mean Flexion IMS in Seven Different Head Positions 
 
 
Figure 4.31-Cervical spine flexion strength measured with the head in seven different positions.  The graph 
represents the maximum, minimum, mean, and standard deviation of isometric muscle strength in Nm for all 
ten participants 
 
For flexion direction, the mean IMS of all participant (n=10) was found to be 
highest (19.88±3.37Nm) when the head was tested in neutral position (0, 0, 0). (Figure 
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4.31)  This was observed in five out of ten participants.  The lowest mean flexion IMS 
(12.95±7.88Nm) was found when the head was tested in coupled extension and axial 
rotation position (0, -40, -20).  This was observed in four out of ten participants. 
 
Table 4.7-Result of repeated measure analysis of variance for within-participant variation 
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 300.10 6 50.02 4.64 
Participants (Rows) 3616.73 9 
  Error (Interaction) 581.86 54 10.78 
 Total 4498.69 69 
  
 
 
The repeated measure ANOVA (described in section 3.4.1) indicated that there 
was  significant difference in flexion strength between the different positions of the head. 
(Table 4.7) Therefore, the student Neuman-Keuls post hoc test (described in section 
3.4.1) was performed to identify the head positions that resulted in significantly different 
flexion strength.  The mean difference between the maximum (0, 0, 0) and minimum (0,-
40,-20) pair was 6.92Nm. (Table 4.8) The calculated critical difference for this pair was 
4.47Nm. (Table 4.9) The observed mean difference was greater and therefore significant. 
The significance (p-value) for this pair was 0.002.  (Table 4.10)  There were three other 
pairs that showed significant difference in IMS, all three pairs involved flexion strength 
when the head was tested in neutral position (0, 0, 0). 
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Table 4.8-observed mean difference between pairs 
 
 
Table 4.9- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
3.88 4.13 2.94 3.53 4.47 4.32 
(0,40,0) 
  
2.94 3.53 2.94 3.88 3.53 
(0,-40,0) 
   
3.88 3.53 3.53 2.94 
(-30,0,0) 
    
2.94 4.32 4.13 
(0,0,-20) 
     
4.13 3.88 
(0,-40,-20) 
      
2.94 
 
 
 
 
Table 4.10- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
N 0.019 N 0.001 0.002 0.010 
(0,40,0) 
  
N N N N N 
(0,-40,0) 
   
N N N N 
(-30,0,0) 
    
N N N 
(0,0,-20) 
     
N N 
(0,-40,-20) 
      
N 
 
  
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
4.47 4.88 2.75 3.88 6.92 5.71 
(0,40,0) 
  
0.41 1.73 0.59 2.45 1.24 
(0,-40,0) 
   
2.13 0.99 2.05 0.84 
(-30,0,0) 
    
1.14 4.18 2.97 
(0,0,-20) 
     
3.04 1.83 
(0,-40,-20) 
      
1.21 
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4.1.2 Extension IMS in Seven Different Head Positions 
 
 
Figure 4.32-Cervical spine extension strength measured with the head in seven different positions.  The graph 
represents the maximum, minimum, mean, and standard deviation of isometric muscle strength in Nm for all 
ten participants 
 
The mean extension IMS of all participant (n=10) was highest (22.79±10.69Nm) 
when the head was tested in flexion position (0, 40, 0). (Figure 4.32)  Moreover, this was 
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observed in five out of ten participants.  The lowest mean extension IMS 
(12.01±7.84Nm) occurred when the head was tested in coupled extension and axial 
rotation position (0, -40, -20). This was observed in six out of ten participants.  
 
 
Table 4.11- Result of repeated measure analysis of variance for within-participant variation   
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 1056.71 6 176.12 15.25 
Participants (Rows) 4691.73 9 
  Error (Interaction) 623.66 54 11.55 
 Total 6372.09 69 
   
 
The repeated measure ANOVA indicated that there was  significant difference in 
extension strength of between different positions. (Table 4.11) Therefore, the student 
Neuman-Keuls post hoc test was performed to identify the head positions that resulted in 
significantly different extension strength.  The mean difference between the maximum (0, 
40, 0) and minimum (0,-40,-20) pair was 10.79Nm. (Table 4.12)  The calculated critical 
difference for this pair was 4.63 Nm. (Table 4.13) The observed mean difference was 
greater and therefore significant. The significance (p-value) for this pair was less than 
0.001.  (Table 4.14)  There were thirteen other pairs that showed significant difference in 
IMS.  To address the exception raised in section 4.1, the mean extension IMS when the 
head was tested at neutral position (0, 0, 0) was 20.62±11.08Nm and compare to the 
maximum extension IMS when head was tested at (0, 40, 0), the observed mean 
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difference between the pair was 2.17Nm.  This was less than the calculated critical mean 
difference of 3.04Nm.  Therefore, the mean difference between the pair was insignificant.   
Table 4.12- Observed mean differences of extension strength between each pair 
 
 
Table 4.13- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
3.04 4.02 3.65 3.04 4.47 4.28 
(0,40,0) 
  
4.28 4.02 3.65 4.63 4.47 
(0,-40,0) 
   
3.04 3.65 3.65 3.04 
(-30,0,0) 
    
3.04 4.02 3.65 
(0,0,-20) 
     
4.02 3.65 
(0,-40,-20) 
      
3.04 
 
 
Table 4.14- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
N 0.002 N N 0.001 0.007 
(0,40,0) 
  
<0.001 0.005 0.017 <0.001 <0.001 
(0,-40,0) 
   
0.048 0.009 N N 
(-30,0,0) 
    
N 0.011 0.032 
(0,0,-20) 
     
0.002 0.003 
(0,-40,-20) 
      
N 
 
  
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
2.17 6.94 3.41 1.57 8.62 7.97 
(0,40,0) 
  
9.11 5.58 3.74 10.79 10.14 
(0,-40,0) 
   
3.53 5.37 1.68 1.03 
(-30,0,0) 
    
1.84 5.21 4.56 
(0,0,-20) 
     
7.05 6.40 
(0,-40,-20) 
      
0.64 
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4.1.3 Lateral bending (to the left or toward neutral) IMS in Seven Different Head 
Positions 
 
 
Figure 4.33- Cervical spine lateral bending (to the left or towards neutral) strength measured with the head in 
seven different positions.  The graph represents the maximum, minimum, mean, and standard deviation of 
isometric muscle strength in Nm for all ten participants    
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The mean lateral bending IMS of all participant (n=10) was highest 
(12.03±4.15Nm) when the head was tested in neutral position. (Figure 4.33)  This was 
noted in eight out of ten participants.  This highest mean was only half the mean of 
extension IMS (20.62±11.08Nm) when the head was tested in neutral position. The 
lowest mean lateral bending IMS (7.46±4.46Nm) occurred when the head was tested in 
lateral bending position (-30, 0, 0).  This trend was noted in three out of ten participants.  
 
Table 4.15- Result of repeated measure analysis of variance for within-participant variation   
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 164.80 6 27.47 10.45 
Participants (Rows) 1029.92 9   
Error (Interaction) 141.97 54 2.63  
Total 1336.69 69   
 
 
The repeated measure ANOVA indicated that there was significant difference of 
lateral bending strength between different head positions. (Table 4.15) The student 
Neuman-Keuls post hoc test was performed to identify the head positions that resulted in 
significantly different lateral bending strength.  The mean difference between the 
maximum (0, 0, 0) and minimum (-30, 0, 0) pair was 4.57Nm. (Table 4.16) The 
calculated critical difference for this pair was 2.21Nm (Table 4.17). The observed mean 
difference was greater and therefore significant. The significance (p-value) for this pair 
was less than 0.001. (Table 4.18) There are nine other pairs that showed significant 
difference in IMS.    
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Table 4.16- Observed mean differences of lateral bending (to the left or towards neutral) strength between each 
pair 
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
3.11 4.20 4.57 1.80 4.02 4.08 
(0,40,0) 
  
1.09 1.47 1.30 0.91 0.98 
(0,-40,0) 
   
0.38 2.39 0.17 0.11 
(-30,0,0) 
    
2.77 0.55 0.49 
(0,0,-20) 
     
2.22 2.28 
(0,-40,-20) 
      
0.06 
 
 
 
Table 4.17- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
1.74 2.13 2.21 1.45 1.92 2.04 
(0,40,0) 
  
1.92 2.04 1.45 1.45 1.74 
(0,-40,0) 
   
1.45 2.04 1.74 1.45 
(-30,0,0) 
    
2.13 1.92 1.74 
(0,0,-20) 
     
1.74 1.92 
(0,-40,-20) 
      
1.45 
 
 
 
Table 4.18- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
0.018 <0.001 <0.001 0.046 <0.001 <0.001 
(0,40,0) 
  
N N N N N 
(0,-40,0) 
   
N 0.039 N N 
(-30,0,0) 
    
0.003 N N 
(0,0,-20) 
     
0.007 0.010 
(0,-40,-20) 
      
N 
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4.1.3 Lateral bending (to the right or away from neutral) IMS in Seven Different 
Head Positions 
 
 
Figure 4.34- Cervical spine lateral bending (to the right or away from neutral) strength measured with the head 
in seven different positions.  The graph represents the maximum, minimum, mean, and standard deviation of 
isometric muscle strength in Nm for all ten participants 
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right direction (10.90±2.56Nm). (Figure 4.33 and Figure 4.34)  This was noted in seven 
out of ten participants. It was also noticed that mean IMS for lateral bending were the 
lowest when the head was tested in lateral bending position (-30, 0, 0), 5.2±2.67Nm in 
the direction away from neutral and 7.46±4.46Nm in the direction towards neutral. This 
was noted in five out of ten participants.  
 
Table 4.19- Result of repeated measure analysis of variance for within-participant variation   
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 260.97 6 43.50 10.81 
Participants (Rows) 669.27 9 
  Error (Interaction) 217.29 54 4.02 
 Total 1147.53 69 
   
 
The results of the repeated measure ANOVA indicated that there were significant 
differences of lateral bending strength within the tested head positions. (Table 4.19) 
Therefore, the student Neuman-Keuls post hoc test was performed to identify the head 
positions that resulted in significantly different lateral bending strength.  The mean 
difference between the maximum (0, 0, 0) and minimum (-30, 0, 0) pair was 5.7Nm. 
(Table 4.20) The calculated critical difference for this pair was 2.73Nm. (Table 4.21) The 
observed mean difference was greater and therefore significant.  The significance (p-
value) for this pair was 0.004. (Table 4.22) There are eight other pairs that showed 
significant difference in IMS.     
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Table 4.20- Observed mean differences of lateral bending (to the left or towards neutral) strength between each 
pair 
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
2.54 3.53 5.70 1.39 3.97 5.48 
(0,40,0) 
  
0.99 3.15 1.15 1.43 2.94 
(0,-40,0) 
   
2.16 2.15 0.44 1.95 
(-30,0,0) 
    
4.31 1.72 0.21 
(0,0,-20) 
     
2.58 4.09 
(0,-40,-20) 
      
1.51 
 
 
 
 
Table 4.21- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
2.16 2.37 2.73 1.80 2.52 2.64 
(0,40,0) 
  
1.80 2.52 1.80 2.16 2.37 
(0,-40,0) 
   
2.37 2.16 1.80 2.16 
(-30,0,0) 
    
2.64 2.16 1.80 
(0,0,-20) 
     
2.37 2.52 
(0,-40,-20) 
      
1.80 
 
 
 
 
Table 4.22- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
N 0.015 0.004 N 0.006 0.007 
(0,40,0) 
  
N 0.005 N N 0.003 
(0,-40,0) 
   
N N N N 
(-30,0,0) 
    
0.001 N N 
(0,0,-20) 
     
0.001 0.002 
(0,-40,-20) 
      
N 
 
 
  
88 
 
 
 
4.1.5 Axial Rotation (to the left or towards neutral) IMS in Seven Different Head 
Positions 
 
 
Figure 4.35- Cervical spine axial rotation (to the left or towards neutral) strength measured with the head in 
seven different positions.  The graph represents the maximum, minimum, mean, and standard deviation of 
isometric muscle strength in Nm for all ten participants   
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The highest mean axial rotation IMS of all participant (n=10) was found to be 
9.09±6.18Nm when the head was tested in neutral position. (Figure 4.35)  This was noted 
in five out of ten participants.  This highest mean was less than half the mean of 
extension IMS when the head was tested in neutral position (20.62±11.08Nm). The 
lowest mean axial rotation IMS (6.61±4.04Nm) occurred when the head was tested in 
extension position (0, -40, 0).  This was noted in four out of ten participants. 
 
Table 4.23- Result of repeated measure analysis of variance for within-participant variation 
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 53.22 6 8.87 4.66 
Participants (Rows) 1158.77 9 
  Error (Interaction) 102.75 54 1.90 
 Total 1314.75 69 
  
 
 
The repeated measure ANOVA indicated that there were significant differences of 
axial rotation strength within the tested head positions. (Table 4.23)  Therefore, the 
student Neuman-Keuls post hoc test was performed to identify the head positions that 
resulted in significantly different lateral bending strength.  The mean difference between 
the maximum (0, 0, 0) and minimum (0, -40, 0) pair was 2.48Nm. (Table 4.14) The 
calculated critical difference for this pair was 1.88Nm. (Table 4.25) The observed mean 
difference was greater and therefore significant. The significance (p-value) for this pair 
was 0.014. (Table 4.26)  There are four other pairs that showed significant difference in 
IMS.   
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Table 4.24- Observed mean differences of extension strength between each pair 
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
1.29 2.48 1.83 0.41 2.08 2.16 
(0,40,0) 
  
1.18 0.54 0.89 0.79 0.87 
(0,-40,0) 
   
0.64 2.07 0.39 0.31 
(-30,0,0) 
    
1.43 0.25 0.33 
(0,0,-20) 
     
1.68 1.76 
(0,-40,-20) 
      
0.08 
 
 
 
 
Table 4.25- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
1.48 1.88 1.63 1.23 1.74 1.81 
(0,40,0) 
  
1.74 1.23 1.23 1.48 1.63 
(0,-40,0) 
   
1.63 1.81 1.48 1.23 
(-30,0,0) 
    
1.48 1.23 1.48 
(0,0,-20) 
     
1.63 1.74 
(0,-40,-20) 
      
1.23 
 
 
 
Table 4.26- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
N 0.014 N N 0.036 N 
(0,40,0) 
  
N N N N N 
(0,-40,0) 
   
N 0.001 N N 
(-30,0,0) 
    
N N N 
(0,0,-20) 
     
0.010 0.030 
(0,-40,-20) 
      
N 
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4.1.6 Axial Rotation (to the right or away neutral) IMS in Seven Different Head 
Positions 
 
 
Figure 4.36- Cervical spine axial rotation (to the right or away from neutral) strength measured with the head in 
seven different positions.  The graph represents the maximum, minimum, mean, and standard deviation of 
isometric muscle strength in Nm for all ten participants 
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Axial rotation strength was expected to be similar in the left and right direction. 
The mean axial rotation IMS of  all participant (n=10) when the head was tested in 
neutral position was found to be slightly higher in the left direction (9.09±6.18Nm) than 
in the right direction (8.29±5.19Nm). (Figure 4.35 and Figure 4.36)  The highest mean 
axial rotation IMS (8.48±4.64Nm) in the right direction occurred when the head was 
tested in flexion position (0, 40, 0). This was observed in four out ten participants.  The 
lowest mean axial rotation IMS (6.01±2.9Nm) in the right direction occurred when the 
head was tested in coupled extension and axial rotation position (0, -40, -20).  This was 
noted in three out of ten participants.  It was also noticed that when the head was tested in 
axial rotation position (0, 0, -20), the mean axial rotation IMS was 7.47±4.29Nm in the 
direction away from neutral, slight lower than 8.68±5.2Nm in the direction towards 
neutral.      
 
Table 4.27- Result of repeated measure analysis of variance for within-participant variation 
F needed for repeated measures (columns) effect (df6,54; p<0.05):2.27 
 
SS df Mean Square F 
Between Conditions (columns) 63.46 6 10.58 6.08 
Participants (Rows) 1056.71 9 
  Error (Interaction) 93.90 54 1.74 
 Total 1214.07 69 
   
 
The repeated measure ANOVA indicated that there was significant variance of 
lateral bending strength within the tested head positions. (Table 4.27) Therefore, the 
student Neuman-Keuls post hoc test was performed to identify the head positions that 
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resulted in significantly different axial rotation strength.  The mean difference between 
the maximum (0, 40, 0) and minimum (0, -40, -20) pair was 2.47Nm. (Table 4.28) The 
calculated critical difference for this pair was 1.8Nm. (Table 4.29) The observed mean 
difference was greater and therefore significant. The significance (p-value) for this pair 
was less than 0.004. (Table 4.30) There are seven other pairs that showed significant 
difference in IMS.   To address the exception raised in section 4.1, the mean axial 
rotation IMS when the head was tested at neutral position (0, 0, 0) was 8.29±5.19Nm and 
comparing to the maximum axial rotation IMS when head was tested at (0, 40, 0), the 
observed mean difference between the pair was only 0.19Nm.  This was less than the 
calculated critical mean difference of 1.42Nm; therefore, the mean difference between 
the pair was insignificant.   
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Table 4.28- Observed mean differences of axial rotation (to the right or away from neutral) strength between 
each pair 
Mean differences between pairs 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
0.19 1.84 0.12 0.82 2.28 1.63 
(0,40,0) 
  
2.02 0.06 1.01 2.47 1.81 
(0,-40,0) 
   
1.96 1.02 0.44 0.21 
(-30,0,0) 
    
0.94 2.40 1.75 
(0,0,-20) 
     
1.46 0.81 
(0,-40,-20) 
      
0.65 
 
 
Table 4.29- Calculated critical difference between each pair 
Critical Difference using q expected at difference span intervals 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
1.42 1.56 1.18 1.18 1.66 1.42 
(0,40,0) 
  
1.73 1.18 1.56 1.80 1.66 
(0,-40,0) 
   
1.66 1.42 1.18 1.18 
(-30,0,0) 
    
1.42 1.73 1.56 
(0,0,-20) 
     
1.56 1.18 
(0,-40,-20) 
      
1.42 
 
 
Table 4.30- P-values for the pairs that showed significant differences 
Comparison between the critical difference and observed mean difference, N= no significance 
 
(0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
 
N 0.013 N N 0.022 N 
(0,40,0) 
  
0.009 N N 0.004 0.008 
(0,-40,0) 
   
0.020 N N N 
(-30,0,0) 
    
N 0.010 0.040 
(0,0,-20) 
     
N N 
(0,-40,-20) 
      
N 
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4.1.7 Summary of IMS Results 
Since the mean IMS in all directions were highest when the head was tested in 
neutral position, 21 out of 50 pairs with significant difference were comparisons 
involving IMS when the head was tested in neutral position. (Table 4.31)  Furthermore, 
comparison of the mean IMS when the head was tested in neutral position (0, 0, 0) to 
when the head was tested in extension position (0, -40, 0) showed that all six pairs were 
significantly different. Moreover, comparisons of the mean IMS when the head was 
tested in neutral position (0, 0, 0) to the mean IMS when the head was tested in coupled 
extension and axial rotation position (0, -40, -20)  showed that all six pairs were 
significantly different; comparison of the mean IMS when the head was tested in neutral 
position (0, 0, 0)  to the mean IMS when the head was tested in coupled extension and 
lateral bending position    (-20, -40, 0) showed that four out of six pairs were significantly 
different.  These are the three head positions that significantly reduce cervical spine 
isometric muscle strength. 
There were 76 pairs that resulted in no significant difference between the pairs.  It 
was also important to report on these insignificant pairs.  Particularly, comparing mean 
IMS when the head was tested at neutral position (0, 0, 0) to when the head was tested at 
flexed position (0, 40, 0), five out of six pairs showed insignificant differences. But, 
when comparing (0, 0, 0) to (0, -40, 0) head positions, all of the pairs showed significant 
difference.  This suggested that the cervical spine was stronger when the head was in 
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flexion position than extension position in all directions except of one of the lateral 
bending directions.   Moreover, comparing the mean IMS when the head was at neutral 
position to when the head was at lateral bending position showed that two out six pairs 
were significantly different.  The two pairs were comparisons between lateral bending 
IMS to the left and to the right when head was in neutral position (0, 0, 0) to when the 
head was in lateral bending position (-30, 0, 0).  This suggested that the cervical spine 
IMS in lateral bending direction was significantly decreased when the head was tested in 
30° lateral bending position. Furthermore, comparing the mean IMS between (0, 0, 0) and 
(0, 0, -20) head positions also showed that two out six pairs were significantly different.  
But, the pairs were not of axial rotation IMS.  Therefore, axial rotation IMS were not 
affected when the head was rotated 20° to the right.  Additional testing of axial rotation 
motion closer to the extreme ROM is needed to determine whether axial rotation IMS 
will be affected as the head rotates further out.       
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Table 4.31-Summarized p-value for all pairs compared, the head positions are listed along top and IMS 
directions are listed along the vertical, N= no signifcance  
Head position:   (0,0,0) (0,40,0) (0,-40,0) (-30,0,0) (0,0,-20) (0,-40,-20) (-20,-40,0) 
(0,0,0) 
Flexion   N 0.019 N 0.001 0.002 0.01 
Extension 
 
N 0.002 N N 0.001 0.007 
LatL 
 
0.018 <0.001 <0.001 0.046 <0.001 <0.001 
LatR 
 
N 0.015 0.004 N 0.006 0.007 
ARL 
 
N 0.014 N N 0.036 N 
ARR 
 
N 0.013 N N 0.022 N 
(0,40,0) 
Flexion     N N N N N 
Extension 
  
<0.001 0.005 0.017 <0.001 <0.001 
LatL 
  
N N N N N 
LatR 
  
N 0.005 N N 0.003 
ARL 
  
N N N N N 
ARR 
  
0.009 N N 0.004 0.008 
(0,-40,0) 
Flexion       N N N N 
Extension 
   
0.048 0.009 N N 
LatL 
   
N 0.039 N N 
LatR 
   
N N N N 
ARL 
   
N 0.001 N N 
ARR 
   
0.02 N N N 
(-30,0,0) 
Flexion         N N N 
Extension 
    
N 0.011 0.032 
LatL 
    
0.003 N N 
LatR 
    
0.001 N N 
ARL 
    
N N N 
ARR 
    
N 0.01 0.04 
(0,0,-20) 
Flexion           N N 
Extension 
     
0.002 0.003 
LatL 
     
0.007 0.01 
LatR 
     
0.001 0.002 
ARL 
     
0.01 0.03 
ARR 
     
N N 
(0,-40,-20) 
Flexion             N 
Extension 
      
N 
LatL 
      
N 
LatR 
      
N 
ARL 
      
N 
ARR             N 
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LatL: Lateral bending to the left or towards neutral direction; LatR: Lateral bending to the right or away from neutral 
direction; ARL: Axial rotation to the left or towards neutral direction; ARR: Axial rotation to the right or away from 
neutral direction 
4.2 Active and Passive ROM in the Unprotected Condition 
 
Figure 4.37-Unprotected uncoupled ROM of all participants, the graph shows the minimum, maximum, mean 
and standard deviation of range of motion in degrees. 
 
The ROM in the unprotected condition was equivalent to natural ROM of cervical 
spine motion.  Comparing all of the ROM of uncoupled extension, flexion, lateral 
bending and axial rotation showed that the passive ROM was greater than active ROM in 
all six of the uncoupled motions.  The mean active ROM of  all participants was higher in 
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axial rotation (72.4±6° to the left and 70.5±5.5° to the right), flexion (65.9±12°) and 
extension (68.2±10°) directions than lateral bending direction 46.7±9° to the left and 
46.3±8.5° to the right.  (Figure 4.37) Section 4.2.1 to 4.2.3 report on comparisons of 
coupled ROM under the three tested conditions (unprotected, protected, and CSPD 
protected).  
4.2.1 Active and Passive Flexion and Extension ROM 
The mean of flexion ROM of  all participants was greatest in uncoupled flexion 
motion (65.9±12° for active ROM and 72.8±12° for passive ROM). (Figure 4.38)   The 
mean flexion ROM after lateral bending or axial rotation motion was reduced by 10° on 
average.  Similar trend was observed in passive ROM.  The mean of extension ROM of  
all participants was greatest in uncoupled extension motion (68.2±10° for active ROM 
and 74±9.8° for passive ROM). (Figure 4.39)  The mean extension ROM after lateral 
bending was reduced by 16° and after axial rotation was reduced by 20°.  Similar trend 
was observed in passive ROM.     
The mean of uncoupled flexion and extension ROM were similar in active and 
passive ROM. In general, flexion ROM was expected to be slightly less than extension 
ROM because of anatomical restrictions. Flexion ROM was stopped when the person’s 
chin contact the clavicular notch. However, no such similar contact existed for extension 
ROM. Coupled active flexion ROM after lateral bending motion was 53±20° and similar 
ROM was found in extension (52±16°).  However, coupled active flexion ROM after 
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axial rotation motion was 54±16°, which was about 8° more than coupled active 
extension ROM after axial rotation motion (46.8±10°).  If flexion ROM after axial 
rotation motion was tested closer to the extreme of axial rotation ROM, this flexion ROM 
was expected to be minimal.  At the extreme of axial rotation, the short distance between 
person’s chin and the clavicle bones would limit flexion motion.                
 
Figure 4.38-Unprotected cervical spine flexion ROM in coupled and uncoupled motions, the graph shows the 
maximum, minimum, mean, and standard deviation of range of motion in degrees for all ten participants 
 
Active ROM Passive ROM Active ROM Passive ROM Active ROM Passive ROM
Flexion ROM in Neutral Flexion ROM after lateralbending
Flexion ROM after axial
rotation
Min 50.00 55.00 30.00 42.00 75.00 80.00
Max 90.00 90.00 90.00 80.00 30.00 40.00
Mean (ROM) 65.90 72.80 53.33 59.67 54.38 61.63
STD 12.03 11.53 20.14 12.49 15.91 15.34
0
10
20
30
40
50
60
70
80
90
100
R
O
M
  (
de
gr
ee
s)
Unprotected Flexion ROM of All Participants (n=10) 
101 
 
 
 
 
Figure 4. 39- Unprotected cervical spine extension ROM in coupled and uncoupled motions, the graph shows the 
maximum, minimum, mean, and standard deviation of range of motion in degrees for all ten participants 
 
4.2.2 Active and Passive Lateral Bending ROM 
Lateral bending motion was assumed to be symmetric about the sagittal plane.  
The mean of active lateral bending ROM of  all participants was greatest in uncoupled 
lateral bending motion (46.7±9° to the left and 46.3±8.5° to the right).  (Figure 4.40 and 
4.41)  The active lateral bending ROM following flexion motion was 42±16° to the left 
and 38±8° to the right, the difference was about 4°.  The active lateral bending ROM 
after extension motion was 44±10° to the left and 36±8.6° to the right, the difference was 
slightly higher at 8°.   Does this mean that the symmetry cannot be assumed for coupled 
motion even along the same plane?     
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The mean of active lateral bending ROM after axial rotation was 37±9° to the left 
and 34.5±7.5° to the right.  The difference between them was minimal even though 
symmetry was not expected in this scenario.   Although, both active and passive lateral 
bending ROM was reduced following axial rotation motion by about 10 to 15°.   
 
Figure 4.40- Unprotected cervical spine lateral bending ROM (to the left or towards neutral) in coupled and 
uncoupled motions, the graph shows the maximum, minimum, mean, and standard deviation of range of motion 
in degrees for all ten participants 
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Figure 4.41-Unprotected cervical spine lateral bending ROM (to the right or away from neutral) in coupled and 
uncoupled motions, the graph shows the maximum, minimum, mean, and standard deviation of range of motion 
in degrees for all ten participants 
4.2.2 Active and Passive Axial Rotation ROM 
Axial rotation motion was also assumed to be symmetric about the sagittal plane.  
The mean of axial rotation ROM of  all participants was greatest in uncoupled axial 
rotation motion (72.4±6° to the right and 70.5±5.5° to the left). (Figure 4.42 and 4.43)  It 
was observed that there was more than 50% reduction in both active and passive axial 
rotation ROM after flexion, extension, or lateral bending motion.  This trend was 
consistent for axial rotation ROM to the left and right.          
The mean of active axial rotation ROM after flexion motion was 32±13° to the 
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there was a 10° difference in ROM. This indicated that symmetry about sagittal palen can 
not be assumed when the cervical spine was in extension position.  Ihe mean of active 
axial rotation ROM after lateral bending motion was 35±14° to the left and 47.8±16° to 
the right, the difference was more than 10°.  This difference was expected.  Moreover, if 
the axial rotation ROM after lateral bending motion were obtained with the cervical spine 
closer at the extreme of lateral bending ROM, the axial rotation ROM should be minimal 
due to the muscles activation.  This point will be future explored in section 5.2.  
 
Figure 4.42-Unprotected cervical spine axial rotation ROM (to the left or towards neutral) in coupled and 
uncoupled motions, the graph shows the maximum, minimum, mean, and standard deviation of range of motion 
in degrees for all ten participants 
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Figure 4.43-Unprotected cervical spine axial rotation ROM (to the right or away from neutral) in coupled and 
uncoupled motions, the graph shows the maximum, minimum, mean, and standard deviation of range of motion 
in degrees for all ten participants 
 
 
4.3 Active ROM in the protected condition 
The active and passive ROM in the protected and CSPD protected conditions 
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section 4.4 are of active ROM only.   In this section, the active ROM in the protected 
condition was analyzed on individual basis since different combinations of football 
helmet and shoulder pads were used for every participant.  An exemplar analysis for one 
participant is presented in this section 4.3.1 followed a summary of trend observed 
between unprotected and protected conditions for all participants (section 4.3.2). It is 
important to keep in mind that football helmets, shoulder pads, and the extruded foam 
part of the CSPD were used in the protected condition.  The extension ROM in the 
protected and CSPD protected condition should be similar.  This set of data will be 
presented in section 4.4.   
4.3.1 Exemplar Analysis  
Data presented in this section is an exemplar analysis on one participant. For the 
other nine participants, active ROM was examined in the same manner and similar plots 
for each participant are found in Appendix C.   
Comparison of active ROM in coupled flexion, extension in the sagittal plane and 
lateral bending in the coronal plane between unprotected and protected conditions 
showed a 24% reduction in flexion ROM, 50% reduction in extension, and 40% 
reduction in lateral bending ROM to the right and 70% reduction to the left between the 
unprotected and protected conditions. There was a 52% reduction in extension ROM after 
lateral bending motion between the unprotected and protected condition. There was 34% 
reduction in flexion ROM between the unprotected and protected condition.  There was a 
50% reduction in lateral bending ROM to the right and 80% reduction to the left 
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following extension motion between the unprotected and protected conditions.  There 
was a 50% reduction in lateral bending ROM to the right and 73% reduction to the left 
between the unprotected and protected conditions.  For this participant, the football 
helmet and shoulder pads were able provide adequate restriction only in lateral bending 
ROM but not in flexion ROM.  
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Figure 4.44 - ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 4) 
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Comparison of ROM in coupled flexion, extension in the sagittal plane and axial 
rotation in the transverse plane between unprotected and protected conditions showed a 
24% reduction in uncoupled flexion ROM, 50% reduction in uncoupled extension, and 
38% reduction in uncoupled axial rotation ROM to the right and 14% reduction to the 
left. (Figure 4.45) There was 43% reduction in axial rotation ROM to the right after 
extension motion and 33% reduction to the left between the unprotected and protected 
conditions. However, there was a 50% and 100% increase in axial rotation ROM to the 
right and left after flexion motion between the unprotected and protected conditions. This 
point will be further discussed in the section 4.3.2.   
There was a 70% reduction in extension ROM after axial rotation motion between 
the unprotected and protected condition. There was only a 3% reduction in flexion ROM 
after axial rotation motion between the unprotected and protected condition.  For this 
participant, the football helmet and shoulder pads were not able provide restriction in 
axial rotation and flexion ROM. 
  
 
 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure 4.45 - ROM for coupled flexion, extension in sagittal plane and axial rotatation in transverse plane (Participant No. 4) 
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Comparison of ROM in coupled axial rotation in the transverse plane and lateral 
bending in the coronal plane showed a 38% reduction in axial rotation ROM to the right 
and a 14% reduction to the left, and a 40% reduction in lateral bending ROM to the right 
and a 70% reduction to the left between the unprotected and protected conditions.   There 
was 344% increase in axial rotation ROM to the right after lateral bending motion and 
64% increase to the left between the unprotected and protected conditions. This point will 
be further discussed in section 4.3.2.  There was a 22% and 57% decrease in lateral 
bending ROM to the right and left after axial rotation motion between the unprotected 
and protected conditions.  For this participant, the football helmet and shoulder pads were 
able provide most restriction for lateral bending ROM, but not in axial rotation ROM.  
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Figure  4.46 - ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 4) 
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4.3.2 Summary of active ROM in protected condition of  all participants   
Overall, the ROM was reduced in the protected conditions with the greatest 
reduction noted in the lateral bending ROM.  In addition, there was contact between 
facemask and shoulder pads that provided some restriction in flexion ROM. The amount 
reduction in flexion ROM ranged between 8% and 47% of  the participants.  However, as 
indicated in section 2.1.4, flexion position was particularly dangerous because it was 
more susceptible to high axial loads that would cause burst fractures of the vertebrae. 
Moreover, one of the criticisms was that current football helmets and shoulder pads 
increased the risk of axial load injuries to the cervical spine.      
There were few incidences of increase in ROM between the unprotected and 
protected conditions.  These values are highlighted in red. It was also observed that in 
two out ten participants, the axial rotation ROM after flexion motion actually increased 
by 100%.  Also, the least amount of restriction seems to be in the axial rotation ROM.   
Almost all of the increases were coupled with axial rotation motion.  The football helmet 
and shoulder pads showed adequate restriction for lateral bending ROM, but not for axial 
rotation ROM. Even though there was some restriction provided in flexion ROM, greater 
restriction was still needed.   
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Table 4.32- summary of the percent reduction in ROM between the unprotected and protected conditions 
Participant 11 10 9 8 7 6 5 4 3 2 
helmet size M L M M M M L L M M 
shoulder 
pads size XS S S S S XS S S S XS 
Ext -64% -50% -50% -67% -75% -47% -49% -50% -37% -56% 
Flex -33% -40% -38% -47% -38% -17% -16% -24% -8% -17% 
LatR -60% -30% 0% -40% -17% -30% -48% -40% -30% -30% 
LatL -45% -40% -13% -50% -33% -30% -39% -70% -50% -30% 
ARR -14% 7% 14% -25% -14% -33% -47% -38% -14% 0% 
ARL 0% 0% -7% -50% -29% -29% -24% -14% -8% -6% 
LatR-Flex -48% -40% -40% 0% -50% -21% -53% -50% 0% 0% 
LatL-Flex -67% -52% -45% -17% -50% -17% -60% -73% -25% 200% 
ARR-Flex -33% -33% 100% -60% -60% 0% -60% 50% -43% -33% 
ARL-Flex -33% -33% 33% -60% -25% -50% -68% 100% -40% -25% 
LatR-Ext -50% -38% 33% -17% -10% -45% -6% -50% -22% -17% 
LatL-Ext -50% -51% -13% -31% -25% -44% -40% -80% 0% 75% 
ARR-Ext 0% -17% 0% -5% -17% -60% -50% -43% 13% -30% 
ARL-Ext 0% 0% 50% 75% 75% -50% -56% -33% 210% -52% 
Ext-Lat -60% -30% -43% 0% -50% -29% -50% -52% -33% 50% 
Flex-Lat -40% -50% -27% -36% -50% 3% 17% -34% -6% 0% 
ARR-Lat -50% -80% 25% -43% -83% -64% -50% 344% -10% -33% 
ARL-Lat 0% 33% -40% 0% 9% 178% -67% 60% 0% 74% 
Ext-Rot -64% -50% -30% -46% -60% -11% -54% -70% -50% -64% 
Flex-Rot -56% -50% -44% -67% -79% -38% -63% -3% 50% -40% 
LatR-AR -50% -50% 13% -13% -33% -55% -20% -22% -50% 18% 
LatL-AR -25% -40% -30% 350% -20% 3% -13% -57% -64% -60% 
Ext: Extension ROM; Flex: Flexion ROM; LatR: Lateral bending to the right ROM; LatL: Lateral bending to the left 
ROM; ARR: Axial rotation to the right ROM; ARL: Axial rotation to the left ROM; LatR-Flex: Lateral bending to the 
right ROM after flexion motion; LatL-Flex: Lateral bending to the left ROM after flexion motion; ARR-Flex: Axial 
rotation to the right ROM after flexion motion; ARL-Flex: Axial rotation to the left ROM after flexion motion; LatR-
Ext: Lateral bending to the right ROM after extension motion; LatL-Ext: Lateral bending to the left ROM after 
extension motion; ARR-Ext: Axial rotation to the right ROM after extension motion; ARL-Ext: Axial rotation to the 
left ROM after extension motion; Ext-Lat: Extension ROM after lateral bending motion; Flex-Lat: Flexion ROM after 
lateral bending; ARR-Lat: Axial rotation to the right ROM after lateral bending motion; ARL-Lat: Axial rotation to the 
left ROM after lateral bending motion; Ext-Rot: Extension ROM after axial rotation motion; Flex-Rot: Flexion ROM 
after axial rotation; LatR-AR: Lateral bending to the right ROM after axial rotation; LatL-AR: Lateral bending to the 
left ROM after axial rotation 
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4.4 CSPD design and evaluation 
4.4.1 CSPD Design 
For each participant, a set of four CSPD bands was created based on the 
measurements obtained during testing as described in section 3.2.3.  (Table 4.33)  The 
length for elastic and canvas parts of the band, and the canvas to elastics ratio listed in 
table 4.35 were based on values from table 4.34.  Band number 1-1 and 4-4 were the 
same and 2-3 and 3-2 were the same.  Bands 2-3 and 3-2 were attached to the helmet and 
shoulder pads along the median and were crisscrossed while bands 1-1 and 4-4 were 
attached on the sides.  The rest lengths of the elastic portion of the bands were based on 
measurements taken when the cervical spine was in neutral position.  Such that, the 
length of the elastic portion of 2-3 and 3-2 bands was determined by taking the average 
between the resting length at 2-2, 2-3 and 3-3 from table 4.34.  While the length of the 
elastic portion of 1-1 and 4-4 was determined by taking the average resting length 
between 1-1 and 4-4 from table 4.34.  The canvas portion of the bands was the part of 
CSPD that restricted ROM.  In this exemplar participant, the CSPD was made such that 
the bands only allowed 70% of the ROM obtained in the protected condition.  Since band 
1-1 and 4-4 were intended to restrict axial rotation motions and the distance of 1-1 when 
the participant was in extreme axial rotation was 260mm.  Therefore, the canvas length 
for band 1-1 was 70% of 260mm, which was 182mm.  The elastic to canvas ratio were 
also calculated to determine the suture locations for each band.  To make bands 1-1 and 
4-4, every 45mm of canvas was sutured to every 30mm of elastic.  To make bands 2-3 
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and 3-2, every 32mm of canvas were sutured to 30mm of elastic.  The measurements of 
CSPD for the rest of participants are found in Appendix D. 
 
Table 4.33- Measurement taken for one participant for making of the CSPD  
  Distance From Top to Bottom (mm) (Participant No.4) 
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length 
(Neutral 
position) 
135 160 175 205 130 145 157.5 120 110 107.5 
In Flexion 205 215 222.5 240 200 205 212.5 195 187.5 175 
In lateral 
bending to 
either side 
160 165 175 187.5 137.5 135 132.5 110 90 95 
In axial rotation 
to either side 260 270 287.5 305 217.5 232.5 247.5 170 182.5 140 
  
Table 4.34- Distance measurement extracted from table 4.28 used for making the CSPD  
Distance (mm)   1-1 2-2 2-3 3-3 4-4 
At Rest 135 130 145 120 107.5 
In Flexion 205 200 205 195 175 
In Lateral Bending 160 137.5 135 110 95 
In Axial Rotation 260 217.5 232.5 170 140 
 
Table 4.35- Length of elastic and canvas, and elastic to canvas ratio used CSPD bands 
Distance (mm)  1-1 2-3 3-2 4-4 
Elastic (resting distance) 121.25 131.67 131.67 121.25 
Canvas (70% ROM) 182.00 140.00 140.00 182.00 
Canvas to Elastic Ratio 
(Based on 30mm of 
elastic)  45.03 31.90 31.90 45.03 
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4.4.1 Active ROM in CSPD Protected Condition 
Data presented in this section is an also an exemplar analysis on one participant. 
For the other nine participants, active ROM was examined in the same manner and 
similar plots for each participant are found in appendix C.   
Comparing ROM in coupled flexion and extension in sagittal plane and lateral 
bending in the coronal plane between protected and CSPD protected conditions showed a 
10% reduction in flexion ROM, 57% reduction in extension, and 9% increase in lateral 
bending ROM to the right and 14% reduction to the left.  (Figure 4.44)   There was a 41% 
reduction in extension ROM after lateral bending motion between the protected and 
CSPD protected conditions. There was 18% reduction in flexion ROM after lateral 
bending motion between the protected and CSPD protected condition.  There was a 25% 
reduction in lateral bending ROM to the right and 20% reduction to the left following 
extension motion between the protected and CSPD protected conditions.  There was a 7% 
reduction in lateral bending ROM to the right and 17% reduction to the left between the 
protected and CSPD protected conditions.   
Comparing ROM in coupled flexion, extension in the sagittal plane and lateral 
bending in the coronal plane showed a 10% reduction in flexion ROM, 57% reduction in 
extension, and 9% increase in axial rotation ROM to the right and 14% reduction to the 
left between the protected and CSPD protected conditions. (Figure 4.45) There was no 
change in axial rotation ROM to the right after extension motion and 33% increase to the 
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left between the protected and CSPD protected conditions. There was a 33% increase in 
axial rotation ROM to the right and no change in ROM to the left after flexion motion 
between the protected and CSPD protected conditions.  There was a 43% reduction in 
extension ROM after axial rotation motion between the protected and CSPD protected 
condition.  There was no change in flexion ROM after axial rotation motion between the 
unprotected and protected condition.   
Comparing ROM in coupled axial rotation in transverse plane and lateral bending 
in coronal plane showed a 38% reduction in axial rotation ROM to the right and a 14% 
increase to the left, and a 9% increase in lateral bending ROM to the right and a 14% 
reduction to the left between the protected and CSPD protected conditions. (Figure 4.46) 
There was 80% reduction in axial rotation ROM to the right after lateral bending motion 
and 33% increase to the left between the protected and CSPD protected conditions.    
There was a 26% and 14% decrease in lateral bending ROM to the right and left after 
axial rotation motion between the unprotected and protected conditions.   
4.4.2 Summary of active ROM in CSPD protected condition of  all participants   
Overall, the uncoupled flexion ROM was further reduced in the CSPD protected 
condition. (Table 4.30) The only exception to this trend was seen in participant No. 5 
where the flexion ROM was increased by 4%.  This participant was given a set of CSPD 
that was intended to provide 80% restriction in ROM.  Moreover, this particular set of 
CSPD bands were made with 3 strands of braided elastic and canvas.  In comparison, 
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participant No. 9 was also given a set of CSPD that was intended to restrict 80% ROM.  
However, this set of CSPD bands was much stiffer since it was made with 9 strands of 
braided elastic and canvas.  This participant had 33% reduction in flexion ROM. This 
suggested that the CSPD with stiffer elastic bands were able to provide greater restriction 
in ROM.     Further comparisons of participant No. 5 and No. 9 showed that the CSPD 
bands with 9 strands of braided elastic were more effective at reducing ROM in all 
directions.   
For majority of the participants, the CSPD was able to reduce ROM in the 
following directions: uncoupled extension, flexion, lateral bending and axial rotation, 
coupled lateral bending after flexion motion, coupled lateral bending after extension 
motion, coupled flexion after lateral bending motion, coupled axial rotation after lateral 
bending motion, coupled extension after axial rotation motion, and coupled lateral 
bending after axial rotation motion.   
However, the CSPD did not show consistent trend for reducing ROM in the 
following directions: coupled axial rotation after flexion, coupled lateral bending after 
extension, coupled extension after lateral bending, coupled axial rotation after extension, 
and coupled flexion after axial rotation.   Future modifications of CSPD should focus on 
reduction ROM in these motions, a brief discussion of possible modification is provided 
in section 5.4.    
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Table 4.36- summary of the percent reduction in ROM between the protected and CSPD protected conditions 
Participant 
ID 8 2 5 6 7 3 4 10 11 9 
Type of 
CSPD 
Design 
Elastic 
Band 
3 
Strand 
3 
Strand 
3 
Strand 
3 
Strand 
6 
Strand 
6 
Strand 
6 
Strand 
6 
Strand 
9 
Strand 
% of 
Restriction 
intended 
75% 75% 80% 100% 80% 80% 70% 75% 75% 80% 
Ext 7% -20% -50% -33% -10% -57% -57% -52% 43% -33% 
Flex -17% -30% 4% -38% -44% -67% -10% -42% -60% -33% 
LatR 17% -25% 33% -20% -31% -14% 9% -29% 7% -17% 
LatL -8% -17% 50% -10% -18% -27% -14% 0% -14% 0% 
ARR 100% -25% 0% 0% 25% -50% -38% 0% -14% -50% 
ARL 15% -14% 75% 24% -20% -50% 14% -17% -17% -67% 
LatR-Flex 79% -20% 0% 33% -13% -33% 7% 17% -17% 0% 
LatL-Flex -25% 25% -40% -50% -8% -38% 17% 0% -7% 0% 
ARR-Flex 0% 0% 50% 0% -50% 0% 33% 210% 50% -67% 
ARL-Flex -33% 0% 50% -33% 0% 100% 0% 11% -33% 0% 
LatR-Ext 0% 33% 0% 11% -9% -20% -25% 0% 0% 25% 
LatL-Ext 25% 0% 4% 20% 11% 14% -20% -29% -14% 100% 
ARR-Ext 150% -17% 0% 0% 150% -60% 0% -11% 79% 25% 
ARL-Ext 200% -30% -14% 14% 100% -80% 33% -19% 25% 50% 
Ext-Lat -17% 25% -55% -50% -50% -57% -41% 40% 17% -50% 
Flex-Lat -43% 7% -11% 150% -32% -71% -18% -26% -50% -70% 
ARR-Lat 33% -67% -50% 0% 275% 0% -80% -11% 150% -75% 
ARL-Lat 200% 25% 100% -67% 0% -50% 33% 50% -75% 0% 
Ext-Rot 6% -4% -43% -40% -63% -50% -43% 8% 200% 108% 
Flex-Rot 56% -25% 17% 250% 20% -63% 0% -40% -17% -44% 
LatR-AR -31% 0% -31% -25% -32% 0% -26% 25% -45% -40% 
LatL-AR 9% 0% -22% -25% -32% 17% -14% 25% 80% -4% 
Ext: Extension ROM; Flex: Flexion ROM; LatR: Lateral bending to the right ROM; LatL: Lateral bending to the left 
ROM; ARR: Axial rotation to the right ROM; ARL: Axial rotation to the left ROM; LatR-Flex: Lateral bending to the 
right ROM after flexion motion; LatL-Flex: Lateral bending to the left ROM after flexion motion; ARR-Flex: Axial 
rotation to the right ROM after flexion motion; ARL-Flex: Axial rotation to the left ROM after flexion motion; LatR-
Ext: Lateral bending to the right ROM after extension motion; LatL-Ext: Lateral bending to the left ROM after 
extension motion; ARR-Ext: Axial rotation to the right ROM after extension motion; ARL-Ext: Axial rotation to the 
left ROM after extension motion; Ext-Lat: Extension ROM after lateral bending motion; Flex-Lat: Flexion ROM after 
lateral bending; ARR-Lat: Axial rotation to the right ROM after lateral bending motion; ARL-Lat: Axial rotation to the 
left ROM after lateral bending motion; Ext-Rot: Extension ROM after axial rotation motion; Flex-Rot: Flexion ROM 
after axial rotation; LatR-AR: Lateral bending to the right ROM after axial rotation; LatL-AR: Lateral bending to the 
left ROM after axial rotation. 
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CHAPTER V: DISCUSSION 
5.1 Isometric Muscle Strength 
The specific goals of this thesis research were, 1) to identify the weak areas of the 
neck by measuring isometric muscle strength (IMS) in terms of head position and by 
measuring ranges of motion (ROM) in coupled and uncoupled cervical spine motion; and 
2) to evaluate the preliminary designs of a cervical spine protective device (CSPD).   
The cervical spine IMS was measured when the head was tested at various 
positions.  It was found that the cervical spine was strongest when the head was tested at 
neutral position and when the head was tested in flexion position. The cervical spine was 
able to produce the highest forces in flexion and extension directions; in fact, the highest 
mean IMS was found in extension direction when the head was tested in flexion position.  
Similar findings were reported by Seng et al (2002) that the isometric muscle strength of 
the cervical spine depends on head positions and directions of cervical spine motion.  
Seng et al (2002) reported the extensor muscles increased in strength when the head was 
tested in extension position at 0°, 10° and 20° while flexor muscles decreased in strength 
as the head moved from neutral to extension position. They also tested the flexor and 
extensor muscle strength with the head in flexion positions at 0°, 10°, and 20°, but the 
muscle strength remained unaffected [81].  In this present study, both flexion and 
extension IMS were assessed with the head in neutral, in 40° extension and in 40° 
flexion. The results showed the cervical spine IMS was strongest in extension direction 
when the head was in 40° flexion position.  However, when the head was tested at 40° 
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extension position, the IMS in all six directions were significantly reduced indicating that 
this was a weak head position.  The results from this study and those in Seng et al (2002) 
show that the cervical spine ROM along the sagittal plane should be restricted 20° to 40° 
in flexion and 20° to 40° extension directions.  But the cervical spine curvature flattens 
out at 30° in flexion and this is a dangerous position for axial loading injuries, which 
were associated with quadriplegia [14].   The high incidence of quadriplegia in the late 
1960s to early 1970s is one of the reasons that spearing tackle is not legal in football [26].   
Therefore, the allowed ROM in flexion should be further reduced to less than 30°.           
The cervical spine IMS along the coronal and transverse plane were weaker 
compared to the sagittal plane.  When the head was tested at 30° in lateral bending to the 
right, further lateral bending to the right was weaker in strength compared to lateral 
bending towards left (towards neutral).  Seng et al (2002) also examined lateral bending 
strength along the coronal plane and found that the left lateral flexors increased in 
strength when the head was tested in lateral bending position at 0°, 5°, and 15° to the left.   
A similar trend was reported for the right lateral flexors in lateral bending position 
towards the right.  In this present study, the lateral bending IMS were assessed when the 
head was at neutral position and when it was at 30° lateral bending position (to the right).  
The lateral bending IMS value was significantly decreased as the head moved away from 
neutral.  Combining the results from Seng et al (2002) and this study indicated that ROM 
in the lateral bending motion along the coronal plane should be restricted to within 30° to 
the left and to the right.    
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The cervical spine IMS along the transverse plane were assessed with the head in 
neutral and in axial rotation position at 20° to the right.  There were no significant 
differences in axial rotation IMS between the two head positions.  There is a lack of 
information in literature regarding axial rotation IMS in the transverse plane.  
Nevertheless, data from this study showed that axial rotation IMS were not decreased as 
the head rotate from neutral to 20° along the transverse plane.  Additional testing with the 
head rotated further to the extreme axial rotation ROM is needed to determine amount of 
restriction for ROM in the transverse plane.   
The cervical spine IMS were also assessed with the head in coupled positions.  
The two positions were 40° in extension and 20° in lateral bending, and 40° in extension 
and 20° in axial rotation.  They were chosen because these were the positions that causes 
“stinger’s” syndrome in football athletes [54, 55, 66].  Results showed that when the head 
was tested in these positions, cervical spine IMS in all directions were significantly 
reduced. However, the axial rotation IMS was not significantly affected when the head 
was at coupled extension and axial rotation position.  This further suggested that 
additional testing with the head closer at the ROM of axial rotation is needed to find the 
weaker region for axial rotation motion.   Nonetheless, this is valuable information for 
designing a CSPD that prevents the head from entering these coupled positions. 
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5.2 Active and Passive ROM in the Unprotected Condition  
 The cervical spine ROM in the unprotected condition is equivalent to the natural 
ROM.  The cervical spine passive ROM was found to be greater than active ROM, which 
confers with findings from other studies found in literature [40, 61, 71, 72].  However, 
these findings were limited to only uncoupled ROM that occurred within the sagittal, the 
coronal, or the transverse planes.  The findings from this study include both coupled and 
uncoupled rotation of motion of the cervical spine.  The cervical spine ROM was found 
to be greatest in uncoupled extension, flexion, lateral bending and axial rotation 
compared to couple rotational motions.  Moreover, the greatest ROM was observed in the 
transverse plane followed by the sagittal plane and the least ROM was noted in the 
coronal plane.   
The cervical spine ROM in flexion direction was reduced following a 40° axial 
rotation motion or 30° lateral bending motion. In terms of anatomy, when the cervical 
spine is rotated closer to the extreme axial rotation ROM, flexion ROM would be 
restricted when the chin makes contact with the clavicle bone.  The cervical spine ROM 
in extension direction was also reduced following a 40° axial rotation and 30° lateral 
bending motion.  Greater reduction in extension ROM was noted following axial rotation 
motion compared to flexion ROM.  This might be due to the fact that 40° in axial rotation 
were not far enough for the chin and the clavicle bone to make contact.   
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Lateral bending ROM and axial rotation ROM of the cervical spine were expected 
to be symmetric about the sagittal plane, which was observed in uncoupled lateral 
bending and axial rotation motions.  However, there was a slight variation between lateral 
bending ROM to the right and left following extension motion.  Similar trend was noted 
in axial rotation ROM as well.   
It was noted that extension ROM following 40° in lateral bending motion were 
not the same as lateral bending ROM following 40° in extension motion.  The final head 
positions were different between the rotation sequences. This observation was also noted 
in extension ROM following axial rotation motions and axial rotation ROM following 
extension motion.               
 
5.3 Active ROM in the Protected Condition  
The active and passive ROM in the protected condition was shown to be reduced 
by football helmet and shoulder pads.  The greatest reduction was observed in lateral 
bending ROM.  For the smaller participants with shorter neck length, there was contact 
between the base of the helmet and the shoulder pads that prevented further lateral 
bending motion.  In addition, the facemask on the helmet would make contact with the 
shoulder pads to stop further flexion ROM.  However, the football helmet and shoulder 
pads were not able to restrict axial rotation ROM and extension ROM.  There are neck 
collars that could be worn under shoulder pads to prevent extension ROM.  However, for 
the smaller participants, the vertical distance between the base of the helmet and shoulder 
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pads were already small and by adding a neck collar in between, they would not be able 
to have much ROM.   
 
5.4 Active ROM in the CSPD Protected Condition  
The active and passive ROM in the CSPD protected condition was shown to be 
reduced by football helmet, shoulder pads, and CSPD.  Comparing the cervical spine 
ROM in the protected and CSPD protection conditions showed that the CSPD was able to 
further reduce ROM in uncoupled extension, flexion, lateral bending and axial rotation, 
coupled lateral bending after flexion motion, coupled lateral bending after extension 
motion, coupled flexion after lateral bending motion, coupled axial rotation after lateral 
bending motion, coupled extension after axial rotation motion, and coupled lateral 
bending after axial rotation motion.   
However, the CSPD did not show consistent trends for reducing ROM in the 
following directions: coupled axial rotation after flexion, coupled lateral bending after 
extension, coupled extension after lateral bending, coupled axial rotation after extension, 
and coupled flexion after axial rotation.   Further design modification should focus on 
restricting ROM in these directions.   
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5.5 Further Improvements on CSPD 
One possible modification is to move the two side bands (1-1 and 4-4) toward the 
front such that they are attached from the sides of the helmet to the front of the shoulder 
pads.  Since band 2-3 and 3-2 were shown to limit flexion to within 30°, they can remain 
at the same location.  The other possibility is keeping the four bands in the current 
configuration and adding more bands at the sides and front of the helmet and shoulder 
pads.  Having a band that is attached from the facemask to the front of the helmet might 
help restrict extension motion, which could eliminate the extruded foam piece in the 
current design.  However, it is important to avoid adding too many bands or putting 
bands at inconvenient locations that interferes with the player’s performance.    
Another possibility is to explore different material for making the CSPD bands.  
The current design uses canvas and elastic type of material because canvas is rigid and 
strong enough to stop motion at the desired range.  Two types of elastic material were 
used to make the CSPD bands in this study, flat piece of elastic band and braided elastic 
cords.  For the braid elastic cords, stiffness increases with the number of elastic cords 
used in the braid.  There was a set of the CSPD bands that were made with nine strands of 
elastic cords, which were shown to provide a greater percentage of reduction in ROM 
compared to the set of CSPD bands with three strands elastic cords.  Both sets of CSPD 
were created to reduce ROM obtained in the protected conditions by 20%.   Increasing 
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the stiffness of the elastic part might help reduce ROM, but if it becomes too stiff, then it 
will restrict too much ROM. 
Based on the finding from this thesis research, the following recommendations 
should be considered when designing a cervical spine protection device.  1. The CPSD 
should be customized based on the individual’s anthropometric measurements while 
wearing football helmet and shoulder pads.  2. Care should be taken to ensure that the 
football helmets and shoulder pads are properly fitted to the individual.  3. If helmets and 
shoulder pads are not fitted properly, the usage of CSPD might worsen the situation.  4. 
The amount of restriction set in the CSPD should be determined based on the individual’s 
ROM while wearing football helmet and shoulder pads and his/her playing position.  5. 
The amount of restriction could be varied between the bands such that greater restriction 
is given in the flexion direction than axial rotation directions.  All in all, the cervical 
spine protection device should be designed based on the individual’s performance needs.   
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Sample Forms used to record data 
 
 
 
 
 
 
HEAD AND NECK RESEARCH PROJECT 
CONFIDENTIAL DATA COLLECTION FORMS 
 
 
Session 1  
B2 
 
Table 1 
Subject_ID 
 Age 
 Height (cm) 
 Weight (kg) 
 BMI 
 Gender 
 Head circumference (mm) 
(measure from above the ears) 
 Neck circumference (mm) 
(around the laryngeal prominence 
with a slight angle upwards)   
Neck length (mm) 
(from occipital condyle to T1)   
 
 
Table 2 
 
Distance From Bottom of the Helmet to Top of the Shoulder pads 
(mm) 
1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 
          
In Flexion 
          
In lateral bending to either side 
          
In axial rotation to either side 
           
B3 
 
 
Table 3 
  
Test 1-Active ROM 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
B4 
 
Table 4 
Test 2-Passive ROM 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
 
  
B5 
 
Table 5 
Test 3-Active ROM with Helmet 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
 
  
B6 
 
Table 6 
Test 4-Passive ROM with helmet 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
B7 
 
Table 7 
Subject ID 
 
Flexion Extension Lateral bending Axial rotation 
IMS (Nm) 
  
Toward 
Neutral 
Away from 
Neutral 
Toward 
Neutral 
Away from 
Neutral 
  
1 2 1 2 1 2 1 2 1 2 1 2 
Uncoupled 
Rotation  
(@70% of 
full ROM) 
Neutral  
 
 
 
 
 
 
 
 
 
 
 
Flexion 
(40)  
 
 
 
 
 
 
 
 
 
 
 
Extension 
(40)  
 
 
 
 
 
 
 
 
 
 
 
Lateral 
bending 
(30)  
 
 
 
 
 
 
 
 
 
 
 
Axial 
Rotation 
(20)  
 
 
 
 
 
 
 
 
 
 
 
Coupled 
Rotation 
Extension 
(40)-
Axial 
Rotation 
(20) 
 
 
 
 
 
 
 
 
 
 
 
 
Extension 
(40)-
Lateral 
bending 
(20) 
 
 
 
 
 
 
 
 
 
 
 
 
1= Initial reading 
2= Final reading
B8 
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Session 2 
  
B9 
 
 
Table 8 
Test 5-Active ROM with CSPD 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
 
  
B10 
 
Table 9 
Test 6-Passive ROM with CSPD 
Initial 
Reading 
Final 
Reading 
ROM  
(Final-
Initial) 
Subject_ID 
 
Neutral 1 Neutral-Extension 
   
 
2 Neutral-Flexion 
   
 
3 Neutral-LB right 
   
 
4 Neutral-LB Left 
   
 
5 Neutral-Rot Right 
   
 
6 Neutral-Rot left 
   
Flexion 1 Flexion-LB right 
   
 
2 Flexion-LB Left 
   
 
3 Flexion-Rot Right 
   
 
4 Flexion-Rot left 
   
Extension 1 Extension-LB right 
   
 
2 Extension-LB Left 
   
 
3 Extension-Rot Right 
  
 
 
4 Extension-Rot left 
  
 
Lat Bend 1 
Lateral Bend-
Extension 
  
 
 
2 Lateral Bend-Flexion 
  
 
 
3 
Lateral Bend-Rot 
Right 
  
 
 
4 Lateral Bend-Rot left 
  
 
Ax Rot 1 Rotation-Extension 
  
 
 
2 Rotation-Flexion 
  
 
 
3 Rotation-LB right 
  
 
 
4 Rotation-LB Left 
  
 
B11 
 
Table 10 
Subject ID 
 
Flexion Extension Lateral bending Axial rotation 
IMS (Nm) 
  
Toward Neutral Away from Neutral 
Toward 
Neutral 
Away from 
Neutral 
  
1 2 1 2 1 2 1 2 1 2 1 2 
Uncoupled 
Rotation  
(@70% of 
full ROM) 
Neutral  
 
 
 
 
 
 
 
 
 
 
 
Flexion 
(40)  
 
 
 
 
 
 
 
 
 
 
 
Extension 
(40)  
 
 
 
 
 
 
 
 
 
 
 
Lateral 
bending 
(30)  
 
 
 
 
 
 
 
 
 
 
 
Axial 
Rotation 
(20)  
 
 
 
 
 
 
 
 
 
 
 
Coupled 
Rotation 
Extension 
(40)-
Axial 
Rotation 
(20) 
 
 
 
 
 
 
 
 
 
 
 
 
Extension 
(40)-
Lateral 
bending 
(20) 
 
 
 
 
 
 
 
 
 
 
 
 
1= Initial reading 
2= Final reading 
Appendix C 
 
Range of motion for coupled and uncoupled cervical spine motion for each participant  
  
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C1- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 2) 
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C
1 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C2- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 2) 
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C
2 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C3- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 2) 
 
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
70
80
90
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
70
80
90
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
Right(-) Axial Rotation Left(+)
A
lp
ha
 (d
eg
re
es
)
R
ight (-) 
Lateral B
ending
Left (+)
Gamma (degrees)
ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 2)
C
3 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C4- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 3) 
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C
4 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C5- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 3) 
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C
5 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C6-- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 3) 
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C
6 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C7- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 5)  
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C
7 
 
Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C8- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 5) 
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C
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Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C9- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 5) 
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C
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Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C10- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 6) 
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Unprotected ROM Protected ROM CSPD Protected ROM  
 
   
Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C11- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 6) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C12- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 6) 
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Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C13- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 7) 
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Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C14- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 7) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C15- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 7) 
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Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C16- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 8) 
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Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure 17- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 8) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure 18- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 8) 
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Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C19- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 9) 
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Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure 20- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 9) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure 21- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 9) 
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Flexion/extension ROM 
following lateral bending 
motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C22- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 10) 
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Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure 23- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 10) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure 24- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 10) 
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Flexion/extension ROM 
following lateral bending motion 
   
Lateral bending ROM following 
extension/flexion motion 
 
 
Figure C25- ROM for coupled flexion, extension in sagittal plane and lateral bending in coronal plane (Participant No. 11) 
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Flexion/extension ROM 
following axial rotation motion 
   
Axial rotation ROM following 
extension/flexion motion 
 
Figure C26- ROM for coupled flexion, extension in sagittal plane and axial rotation in transverse plane (Participant No. 11) 
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Lateral bending ROM following 
Axial rotation motion 
   
Axial rotation ROM following 
lateral bending motion 
 
Figure C27- ROM for coupled axial rotation in transverse plane and lateral bending in coronal plane (Participant No. 11) 
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Appendix D 
 
Design of Cervical Spine Protective Device for each participant 
 
 
 
 
 
CSPD design for Participant No. 2 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 115 140 150 195 130 150 165 130 134 115 
In Flexion 170 190 200 205 190 195 205 200 195 170 
In lateral bending to either side 165 160 160 170 155 150 145 140 120 110 
In axial rotation to either side 175 180 195 240 175 190 215 145 165 130 
 
 
 
Distance measurements used for making the CSPD 
 1-1 2-2 2-3 3-3 4-4 
At rest 115 130 150 130 115 
At flexion 170 190 195 200 170 
At lateral bending 165 155 150 140 110 
At axial rotation 175 175 190 145 130 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used CSPD 
bands 
 1-1 2-3 3-2 4-4 
Elastic (resting distance) 115 136.7 136.7 115 
Canvas (75% ROM) 132 112.5 112.5 132 
Canvas ratio for every 30mm of elastic 3.443 2.47 2.47 3.443 
 
 
  
D2 
 
CSPD design for Participant No. 3 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 130 145 160 180 135 140 155 140 135 130 
In Flexion 180 195 200 212 205 205 210 210 195 175 
In lateral bending to either side 145 150 155 170 145 140 140 130 107 105 
In axial rotation to either side 180 195 225 240 163 175 205 130 145 90 
 
 
  
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 13 13.5 14 14 13 
At flexion 18 20.5 20.5 21 17.5 
At lateral bending 14.5 14.5 14 13 10.5 
At axial rotation 18 16.3 17.5 13 9 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used 
CSPD bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 130 138.3 138.3 130 
Canvas (80% ROM) 116 105 105 116 
Canvas ratio for every 30mm of elastic 2.68 2.28 2.28 2.68 
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CSPD design for Participant No. 5 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 140 160 180 210 155 170 180 145 140 115 
In Flexion 190 200 215 235 205 220 228 210 205 190 
In lateral bending to either side 165 157.5 162.5 170 153 148 150 133 115 110 
In axial rotation to either side 230 265 290 305 245 260 278 278 155 115 
  
 
 
Distance measurements used for making the CSPD 
 1-1 2-2 2-3 3-3 4-4 
At rest 140 155 170 145 115 
At flexion 190 205 220 210 190 
At lateral bending 165 152.5 147.5 132.5 110 
At axial rotation 230 245 260 277.5 115 
  
 
 
Length of elastic and canvas, and elastic to canvas ratio used 
CSPD bands 
 1-1 2-3 3-2 4-4 
Elastic (resting distance) 127.5 156.7 156.7 127.5 
Canvas (80% ROM) 132 127.5 127.5 132 
Canvas ratio for every 30mm of elastic 3.11 2.44 2.44 3.11 
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CSPD design for Participant No. 6 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 130 155 170 195 143 150 165 140 130 105 
In Flexion 190 205 212.5 227.5 213 215 220 210 195 160 
In lateral bending to either side 157.5 165 170 190 160 158 155 148 125 103 
In axial rotation to either side 195 212.5 230 262.5 175 185 205 145 145 100 
  
 
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 130 142.5 150 140 105 
At flexion 190 212.5 215 210 160 
At lateral bending 157.5 160 157.5 147.5 103 
At axial rotation 195 175 185 145 100 
  
 
 
Length of elastic and canvas, and elastic to canvas ratio used 
CSPD bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 117.5 144.2 144.2 117.5 
Canvas (100% ROM) 126 112.5 112.5 126 
Canvas ratio for every 30mm of elastic 3.22 2.34 2.34 3.22 
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CSPD design for Participant No. 7 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm) 
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 135 165 185 210 158 165 175 155 150 125 
In Flexion 175 185 200 215 200 210 215 205 200 170 
In lateral bending to either side 135 150 160 182.5 150 153 158 140 123 108 
In axial rotation to either side 230 242.5 255 310 210 228 245 168 178 115 
 
 
  
Distance measurements used for making the 
CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 135 157.5 165 155 125 
At flexion 175 200 210 205 170 
At lateral bending 135 150 152.5 140 108 
At axial rotation 230 210 227.5 167.5 115 
 
 
  
Length of elastic and canvas, and elastic to canvas ratio used 
CSPD bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 130 159.2 159.2 130 
Canvas (80% ROM) 108 123.8 123.8 108 
Canvas ratio for every 30mm of elastic 2.49 2.33 2.33 2.49 
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CSPD design for Participant No. 8 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 135 150 165 200 160 175 185 155 140 110 
In Flexion 190 210 220 235 215 225 230 215 210 188 
In lateral bending to either side 160 165 175 190 170 175 170 150 130 105 
In axial rotation to either side 240 255 260 270 205 225 250 160 170 115 
 
 
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 135 160 175 155 110 
At flexion 190 215 225 215 188 
At lateral bending 160 170 175 150 105 
At axial rotation 240 205 225 160 115 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used CSPD 
bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 122.5 163.3 163.3 122.5 
Canvas (75% ROM) 128 131.3 131.3 128 
Canvas ratio for every 30mm of elastic 3.13 2.41 2.41 3.13 
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CSPD design for Participant No. 9 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral position) 155 175 197.5 230 180 190 200 173 170 130 
In Flexion 210 220 235 255 235 245 250 230 220 185 
In lateral bending to either side 185 195 215 235 175 180 190 135 120 75 
In axial rotation to either side 230 240 287.5 305 210 230 245 165 173 115 
 
 
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 155 180 190 172.5 130 
At flexion 210 235 245 230 185 
At lateral bending 185 175 180 135 75 
At axial rotation 230 210 230 165 115 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used CSPD 
bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 142.5 180.8 180.8 142.5 
Canvas (80% ROM) 148 142.5 142.5 148 
Canvas ratio for every 30mm of elastic 3.12 2.36 2.36 3.12 
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CSPD design for Participant No. 10 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral 
position) 120 142.5 167.5 192.5 110 125 133 113 105 105 
In Flexion 185 197.5 210 225 200 205 213 210 200 185 
In lateral bending to either side 125 130 145 157.5 113 110 105 103 90 105 
In axial rotation to either side 220 240 270 300 185 205 235 133 145 80 
 
 
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 120 110 125 112.5 105 
At flexion 185 200 205 210 185 
At lateral bending 125 112.5 110 102.5 105 
At axial rotation 220 185 205 132.5 80 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used CSPD 
bands 
  1-1 2-3 3-2 4-4 
Elastic (resting distance) 112.5 115.8 115.8 112.5 
Canvas (75% ROM) 100 93.75 93.75 100 
Canvas ratio for every 30mm of elastic 2.67 2.43 2.43 2.67 
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CSPD design for Participant No. 11 
 
Distance From Bottom of the Helmet to Top of the Shoulder Pads(mm)  
  1-1 1-2 1-3 1-4 2-2 2-3 2-4 3-3 3-4 4-4 
Resting Length (Neutral 
position) 140 160 190 215 153 160 175 155 145 120 
In Flexion 205 217.5 225 237.5 225 230 235 228 215 180 
In lateral bending to either side 155 165 170 185 170 165 170 160 145 120 
In axial rotation to either side 215 245 272.5 300 210 225 250 175 185 128 
 
 
 
Distance measurements used for making the CSPD 
  1-1 2-2 2-3 3-3 4-4 
At rest 140 152.5 160 155 120 
At flexion 205 225 230 227.5 180 
At lateral bending 155 170 165 160 120 
At axial rotation 215 210 225 175 128 
 
 
 
Length of elastic and canvas, and elastic to canvas ratio used CSPD 
bands 
 1-1 2-3 3-2 4-4 
Elastic (resting distance) 130 155.8 155.8 130 
Canvas (75% ROM) 124 120 120 124 
Canvas ratio for every 30mm of elastic 2.86 2.31 2.31 2.86 
 
